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1. SUMMARY

This report presents the results of a parametric study made to determine the effects
of planform shape, Mach number and dynamic pressure on the aerodynamic center, a -
and g- stability derivatives of elastic airplanes. The study was addressed to fighter type
wing planforms for airplanes in the 40,000 Ibs (178,000 N) gross weight range and de~-
signed for 7.33 limit load.

' Results indicate that there are very significant zero-mass steady state aeroelastic
effects on aerodynamic center location as well as on the a - and q- stability deriva-
tives, whereas, the inertially induced steady state aeroelastic effects are small. It is
shown that by careful selection of planform (fixed or variable sweep), stiffness and elas-
tic axis location it is possible to minimize trim requirements between selected extreme
conditions.



2. INTRODUCTION

Steady state aeroelastic effects on stability characteristics of airplanes have be-
come increasingly important as the performance envelopes of airplanes expanded in terms
of attainable Mach numbers and dynamic pressures. A thorough study of methods to be
used in the flight path stability analysis of elastic airplanes was reported in References
1 - 4.

This report presents results of a parametric study of the effects of (steady state)
aeroelasticity on several longitudinal stability characteristics of airplanes, conducted
using the methodology developed in the cited references. The scope of the investigation
included wing planforms with the geometric characteristics of Table 1. Ranges of Mach
number and altitude within which the investigation was conducted are .25 to 2.5 and sea
fevel to 60,000 ft. (18,288 m.) respectively. Stability characteristics studied in this
report include: aerodynamic center location, a- and q- stability derivatives and the
inertial stability derivatives (that is, the effects of mass and its distribution). The study
was conducted in three phases: ’

1. Preparation of Computer Routines
2. Calculation of Planform Effects

3. Calculation of the Effect of Stiffness Magnitude and Elastic
Axis Location

Results from phases 2 and 3 are presented in this report. The work done under phase 1 is
presented in separate Appendix Reports: References 5 through 9. In References 5 through
9, and consequently in tﬁis report, the structural representations are all based on beam
theory, and the aerodynamic representations are based on the finite element method of
Woodward which is developed in Reference 10.

In discussing numerical examples of stability and control characteristics of elastic
airplanes, five additional factors arise which do not have similar significance for rigid
airplanes. These factors are: total mass, mass distribution, total stiffness, stiffness dis-
tribution (related to load-factor to which airplane has been designed) and flight dynamic
pressure .

Normally in stability and control problems, only the effects of angle of attack and
Mach number must be considered (sometimes Reynolds number is also important). It can
be seen that the addition of these five factors complicates any parametric study fo a con-
siderable extent. The engineer, in studying elastic airplane stabilirK and control is
forced to focus his attention on a specific airplane configuration with specific structural
characteristics before any significant calculations can be made. Generalizations are
difficult and often impossible to make! ,

The parametric study reported herein is no different. Before anything could be
parameterized it was necessary to further limit the scope of the study to a class of specific
airplanes. Wings of typical fighter airplanes with a weight of 40,000 lbs (178,000 New-
tons) and wing structures designed to withstand a limit load of 7.33 g's were selected as _
vehicles for the study. The results are therefore limited in validity to that class of airplanes.

A complete description of the computational methodology used in computing geo-
metric, mass, aerodynamic and structural characteristics is presented in accompanying
documents: References 5 through 9. Reference 5 also contains a user's manual for the
computer programs developed for use on the CDC 6600 series computers located at the
NASA Langley Research Center.

The elastic airplane stability derivatives used in this report differ from conven-
tional rigid airplane derivatives in several important ways. A derivation of these deriva-




Table 1

Geometric Characteristics of Planforms

ME =720 A g=72° ALE = 790
AR = 2.02 AR = 6.27 AR = 6.05
A =O.] A =0.] A = 0.1
NO PIVOT| \ PIVOT AT PIVOTAT'

20%b,/2 30% b/2

AL E =720
‘AR = 5.79
A =0.1
PIVOT AT
40% b/2.

e b'/z—J e b/2—  e—b/2—
WING NO, 2 WING NO.3  WING NO. 4
..E/zjl
e— b/2
WING NO. 1 ME = 450 ALE = 45°
AR = 3.0 AR= 3.0
A =0.25 A =0.25
25° CRANK
— AT 80% b/2
e—b/2 —| <—b/2—'l
WING NO. 5 WING NO. 6
A ' ALE = 600
LE =60°
AFR =2, AR=2.0
A = 0.25 = 0025
250 CRANK
AT 80% b/2
b/ e b,/20)
WING NO. 7 WING NO, 8
ALE = 720 ALE =72° MNE =72°
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‘_B/?._,‘
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tives and a description of their tie-in with conventional rigid airplane derivatives is con-
sidered beyond the scope of this report. References 1 through 4 and Reference 11 contain
detailed discussions of the derivation and application of elastic airplane derivatives.

Symbols used in this report are defined in Chapter 3. Results of the parametric
study of planform effects, Mach number effects and dynamic pressure effects on aerody-
namic center location as well as on the a - and q- stability derivatives are presented
in Chapter 4. Chapter 5 contains the results of a brief investigation into the effect of
stiffness magnitudes and elastic axis locations on the longiutdinal stability characteristics
of one of the studied planforms integrated into a complete airplane configuration.. Chap~
ter 6 contains the results of a study of aeroelastic effects on induced drag. Conclusions
and recommendations follow in Chapter 7.

All computer programs, methods, and procedures used to generate the results con-
tained in this Summary Report are contained in five independent appendices, as follows:

Appendix A (Ref. 5) presents the computer program developed for calculating the
a- and q- stability derivatives and induced drag for thin elastic airplanes
at subsonic and supersonic speeds.

Appendix B (Ref. 6) develops the method used for computing the structural influence
coefficient matrix of nonplanar wing-body-tail configurations.

Appendix C (Rgf. 7) develops the method used for computing the aerodynamic influence
coefficient matrix of nonplanar wing-body-tail configurations.

Appendix D (Ref. 8) ?resents the Erocedures used to determine the mass distribution
for idealized low-aspect-ratio two spar fighter wings.

Appendix E (Ref. 9) bresents the procedures used to determine the structural
representation for idealized low-aspect-ratio two spar fighter wings.




3. SYMBOLS

The units used for the physical quantities defined in this paper are given both in
the International System of Units (SI) and the U.S. Customary Units. This list is only for
symbols used in the Summary Report. Symbols used in the Appendices are defined there.

Readers who are not familiar with the definition or use of elastic airplane
stability derivatives are referred to Reference 5, Table 1 and to Reference 11, Chapter 8.

Symbol
A or AR

a.c.

Lo i B o d

Cp. . Induced drag

as
4.
I
CL - Lift
qS
N
c, - e
q a( qE)
207
aC
ch_ _ %G l
E a(_c_'_c_) E
20,
C
cl_q d L_
I qc
d
<7U'I>I
3C
. _ 2t
Wi dw |1

Definition
Aspect ratio
Aerodynamic center
(Wing) span

Span (distance between midpoints of non-
streamwise tip chords)

Induced drag coefficient

Sectional induced drag coefficient
Lift coefficient (airplane)
Sectional |ift coefficient

Variation of lift coefficient with
pitch rate

Variation of lift coefficient with
pitch rate for the elastic case with
zero mass

Inertially induced variation of lift
coefficient with pitch rate

Inertially induced variation of lift
coefficient with rate of downward
velocity perturbation

Dimension

ft (m)
ft (m)

(secm ')



6CL
C, =
L~ o
c, = o
la=  3a |-
a E
aC
c, -

CL oC,
el = 40
96 |
N
m §gSc
C_ = oCn
mq afE_
U,
C = a??
"‘q- 3 9qc_
E (2u) E
Cm = aCm
q .
q
(3
/1
c:m. = 8Cm
Y1aw |
C_ = o
Mq da

Definition
Airplane lift curve slope

Variation of lift coefficient with angle

of attack for the elastic case with zero
mass

Variation of lift coefficient with angle
of attack for the elastic case including
mass effect

Inertially inducad variation of |ift
coefficient with pitch angular
acceleration

Pitching moment coefficient (airplane, plan-
form)

Variation of pitching moment coefficient
with pitch rate

* Variation of pitching moment coefficient

with pitch rate for the elastic case with
zero mass

Inertially induced variation of

pitching moment coefficient with
pitch rate

Inertially induced variation of
pitching moment coefficient with rate
of downward velocity perturbation

'VoriatioT of pitching moment coefficient
with angle of attack (i.e., static longi-
tudinal stability) ’ 9

Dimension

rcd-]

rad”!

rad

seczrad-]



Symbol
Cm _ BCm
aE da
Cm _ aCm
a E aa
Cm.. aCm
1 36
c
c
3¢,
a n
bcm
an
dC
m
dCy.
d :L
E
G
g

o

m

Variation of pitching moment coefficient
with angle of attack for the elastic case

Definition

with zero mass

Variation of pitching moment coefficient
with angle of attack for elastic case including

mass effect

Inertially induced variation of
pitching moment coefficient with
pitch angular acceleration

Chord

Reference chord

Variation of |ift coefficient with load

factor

Variation of pitching moment coefficient with

load factor

Static margin in fractions of the root chord

Aerodynamic center shift in fractions of the

root chord

Young's Modulus of elasticity

Shear Modulus of elasticity

Acceleration of gravity

Moment of inertia

Dimension

sec2 rad_]

ft (m)
ft (m)



Symbol Definition Dimension

J Polar moment of inertia slug f{?
(kg m<)
M Mach number
n Load factor
q Perturbed pitch rate _gr_eEc_‘:_j_
q Dynamic pressure Ibs < N )
£12 m7
S Reference area ft2 (m2)
U, Free stream velocity ft [m
sec\sec
w Weight Ibs (N)
W } Perturbed downward acceleration ff /m
sec (sec )
X, Y Coordinate axes located af wing apex ft (m)
(see Figure 1 for positive directions)
e Pitch attitude angle acceleration (total) rad
—2
sec
A Sweep angle deg

A Taper ratio



SubscriEts:

Symbol Definition

c/4 Quarter chord

E Elastic, zero mass

E Elastic, corrected for mass
I Inertial

LE Leading edge

r Root

ref reference

w Wing

72 72° Swept wing



4. THE EFFECT OF PLANFORM SHAPE, MACH NUMBER AND DYNAMIC PRESSURE
ON LONGITUDINAL STABILITY CHARACTERISTICS

This chapter describes results obtained from a parametric investigation of the
following planforms:

4.1 Fixed 72° swept wing and variable sweep wing, A = 72° with the pivot at 20,
30, and 40% of the A = 72° semispan

4.2 Variable sweep wing, A = 20° with the pivot at 20, 30, and 40% of the A = 72°

semispan
4.3 45° Swept, aspect ratio 3 wing with and without forward tip crank
4.4 60° Swept, aspect ratio 2 wing with and without forward tip crank

For this investigation, the following longitudinal stability derivatives were computed:

For the Rigid Airplane

CL , C , C /CL = static margin, CLq, Cm

o a q
For the Elastic Airplane (Zero Mass)
CLOL o Cma ., Cma /CL 0= = static margin, CL ’ Cm

For the Elastic Airplane (Non-zero Mass)

C C /C, = static margin, C
L, " " my 7 Tm L ! L
% h: “E “E 9]

4

) 3
IC 'CL”'C“’ CL/n,BCn_/an

A complete derivation and description of the use of these derivatives is given in Reference
11. All moments in this chapter are referred to the wing planform apex.

To make realistic calculations of elastic planform derivatives it is necessary to
use representative data for wing mass and for wing stiffness distribution. The respective
distributions used in this report are described in References 8 and 9.

10




4.1. Fixed 72° swept wing and variable sweep wing at A = 72° having pivots at 20, 30,
and 40% of the A = /724" semispan (Wings I, 7, 10, and 11)

For these wings, longitudinal characteristics were computed for the flight con-
ditions of Table 2.

Figures 1 and 2 show the planform geometry of wings 1, 9, 10, and 11. Observe
from Figures 2a through 2c that the elastic axes irl\Zocrd of the wing pivots are perpen-
dicular to the wing centerline. The reason for this is that in variable sweep wing struc-
tures the bending and torque box which connects both pivots generally runs approximately
perpendicular to the airplane centerline.

Tabulated results for the stability derivatives of these wings are presented in Ta-
ble 3 for the rigid wing and in Tables 4 through 7 for the elastic wings. Obviously, for
the case of the rigid wing at constant sweep angle, there is no effect of spanwise pivot
position on the derivatives. Figures 3 through 6 show the effect of Mach number and
dynamic pressure on lift-curve-slope, static margin (i.e., aerodynamic center location)
and pitch damping derivative for the zero mass (or constant load-factor) case.

The general effects of elasticity are seen in these Figures to be as expected: a
decrease in lift-curve-slope, a forward shift in aerodynamic center and a decrease in
pitch damping for increasing dynamic pressure at each Mach number.

A series of crossplots of aerodynamic center location versus dynamic pressure is
shown in Figure 7. These data demonstrate the strong effect of elasticity and of pivot
location on aerodynamic center location. Because of the shorter outboard elastic axes
associated with the more outboard pivot locations, the result is to diminish the aerody-
namic center shift due to elasticity. The results of Figures 3 through 7 demonstrate fr:ot
much design tailoring can be done in terms of adjusting pivot location to keep aerody-
namic center shifts within acceptable boundaries from a longitudinal stability and from
a trim drag point of view. It may be seen from Figure 7 that there is not much difference
in aerodynamic center location when going from a 20% to a 30% pivot location. This
is due to the fact that the outboard elastic axes for wings 9 and 10 are virtually identical
in location (compare Figures 2a and 2b). Going to the 40% pivot results in a different
elastic axis as shown in Figure 2c. This in turn results in a significant aft shift in a.c.
as seen in figure 7.

The tabulated derivatives of Tables 4 through 7 suggest that mass (inertial) effects
are not very important for the types of airplanes studied here. This conclusion follows
from:

1. Comparing E - subscripted derivatives with E - subscripted derivatives which
show little difference.

2. Comparing Cm / CL with Cm / Cm shows less than 1% differ-
a a a a

E E "~ E E

ence in aerodynamic center location.

3. The inertia relief effect due to load-factor, E)CL/a n, is only -.05 per unit
change in load-factor. '

4. Thel (inertia) - subscripted derivatives are all very small. The reader may
convince himself of this fact by assuming a reasonable value for ', W, or q and multi-
plying those values by the appropriate inerf'éol derivative. The result is invariably very
small. For example, assume W = 10 ft/sec” ( ~ 1/3 g .). This results in

AC = ,0162 which is indeed small.
du'é to W
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Table 2 Flight Conditions for Wings 1, 9, 10 and 11

WING WING MACH RIGID  ELASTIC

NUMBER TYPE NUMBER Sealevel 35,000 tt. 60,000 ft.
| (10,668 m) (18,288 m)
1 A=2 .25 X X
ALE': 72° .50 X X
No Pivot 1 gg : . X x
. 1.50 X X X X
1.75 X
2,00 X X X
2.25 X
2.50 X X X
9 A=2 .25 x X
ALE=72° .50 X X
Pivoi at -80 X X X X
.20 b /2 ] .25 X
72 1.50 X X X X
1.75 x
2.00 X X X x
2.50 x X X
10 A=2 .25 X X
ALE=72° .50 X X
Pivot at % ]gg X X X %
. X
3065, /2| 1750 x < x x
1.75 X
.+ 2.00 x X X X
2.50 x X x
11 A=2 .25 X X
ALE=72° .50 x x
Pivot at ‘ -80 X . X %
.40 b /2 1 .25 X
72 i 1.50 X X X X
' 1.75 X
2.00 X X X X
2.50 X X X

12




WING NO. 1
FULLY SWEPT BACK
sy | Noewvor

720 Mg~ 720

he/4 = 700
AR = 2.02,
\ A =0.1

b =30.616 FT (9.332 M)

b, =28.580 FT (8.712 M)

"¢y =25.8 FT (7.864 M)

Sy =464 SQ. FT (43.1 5Q. M)
FRONT SPAR W =40,000 LB (1,78 x 105 N)
NOTE: —— ELASTIC AXIS.

'SEGMENT ENDPOINT

25.8 FT
(7.864 M)

////'/,/
////
/%71</

SCALE: 1CM=3,0FT
{(1CM = ,9144 M).

g
e /

ELASTIC AXIS

o2\

57-2/2 = 14,290 FT
(4.356 M)
b/2 = 15.308 FT
(4.666 M)
Figure 1. Planform Definition for Wing No. 1
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(7.864

o

720

|

59.591

Figure 2.aq
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WING NO. 9
FULLY SWEPT BACK
PIVOT AT 20% of b,/2
Ag=720
Aes4 = 70°
AR = 2,02
A=0.1
b =30.616 FT (9.332 M)
b72=28.580 FT (8.712 M)
S =25.8FT (7.864 M)
Sw=464 SQ FT (43.1 SQ M)
W = 40,000 LB (1.78 x 10° N)
XprvOT= 27.348 FT (8.336 M)

i -
Ypvor= 2.838 FT (.865 M)

NOTE: —e— ELASTIC AXIS
SEGMENT ENDPOINT

SCALE: 1TCM=3.0FT
(1 CM = .9144 M)

FRONT SPAR

ELASTIC AXIS

Planform Definition for Wing No. 9




WING NO. 10
FULLY SWEPT BACK
Sy | PIVOT AT 30% of b.,/2
72° - ALE = 720

A=0.1 . _
_ b=30.616 FT (9.332 M)
bso = 28,580 FT (8,712 M)
c, =25.8 FT (7.864 M)
Sy = 464 SQ FT (43.1 SQ M)

25.8 FT W = 40,000 LB (1.78 x 105.N);

(7.864 M) Xorvor = 27-950 FT (8,519 M)
Y'PIVOT = 4,257 FT (1.297 M)

NOTE.—*— ELASTIC AXIS
SEGMENT ENDPOINT

PIVOT SCALE: 1 CM=3,0FT
(1 CM = .9144 M)
59.501
N\ \
\
\\ \\
\
\\
\ \\
W FRONT SPAR
\
\ ELASTIC AXIS
N\
\\
\\
REAR SPAR \
b,,/2 = 14.290 FT
72" 4 356 M)
e b/2=15.308 FT
v (4.666 M)
X

Figure 2.b Planform Definition for Wing No. 10
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WING NO. 11

FULLY SWEPT BACK
PIVOT AT 40% of B9/2

25.8 FT

(7.864 M)

720 AME =720
. AC/41 = 700
AR =2,02
A =0.1 _
b =30.616 FT (9.332 M)
13721= 28.580 FT (8.712 M)

c; = 25,8 FT (7.864 M)
Sw =464 SQ FT (43.1 SQ M)
W = 40,000 LB (1.78 x l()J5.N)
X = 28,689 FT (8.744 M
YEII\\/,g =5.719 FT (1.743 M)
NOTE:—— ELASTIC AXIS
SEGMENT ENDPOINT

SCALE: 1 CM =3,0 FT
(1 CM = .9144 M)

S

59.5°

Figure 2.c

FRONT SPAR

ELASTIC AXIS!

14,290 FT
(4.356 M)
15.308 FT
(4,666 M)

f— b, /2=

b/2=
£_

Planform Definition for Wing No. 11




REFERENCE GEOMETRY:
s, = 464.0 FTZ (43.1 M)
25.8 FT (7.864 M)

c =
r

WING APEX IS THE MOMENT

REFERENCE POINT
¢, =ROOT CHORD

O -----SEA LEVEL

A=---—- 35,000 FT (10,668 M)

72°

WING NO. 1

FULLY SWEPT BACK

=72°
_ © —--=-60,000 FT (18,288 M) A
2.0 e« 8§ o ® o 0o o o
S 3 o A 2 o) i
|ULu 0 " N N N |
g 0 0.5 1.0 1.5 2.0 2.5
a) LIFT CURVE SLOPE Mo
0 0.5 1.0 1.5 2.0 2.5
w ' ) > ' N
S ® A A
U -0.9 o o e
'é'u "].] o [ ] ‘ ‘
E
R B
b) STATIC MARGIN
. M—
)0 0.5 1,0 1.5 2.0 2,5
D ® A
2 -2.0 o A a4 o
& o °
?II.I.I -4.0} 4 ®© ©
£ ® e [ ° ° \ PY ®
VU .ol e o ,

c)

PITCH DAMPING

Figure 3. Variation of Zero Mass Lift Curve Slope, Aerodynamic Center
and Pitch Damping with Mach Number and Dynamic Pressure

for Wing 1.
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-1
Cp,_~ RAD

Crnaz / Clag

~ RAD™!

C

72°
REFERENCE GEOMETRY:

5, = 464.0 FTZ (43.1 M2)

¢ = 25.8FT (7.864 M)

r
WING APEX 1S THE MOMENT FIVOL
REFERENCE POINT ‘
¢ = ROOT CHORD
r WING NO. 9
POp— RIGID FULLY SWEPT BACK
_____ PIVOT AT 20% FULLY
& -----SEA LEVEL SWEPT SEMISPAN
pp— 35,000 FT (10,668 M) N, =72°
S 60,000 FT (18,288 M)
2. o e
s ¢ &8 B & o
1.5 3 ® & 2
0 3 b . 9 I i
0 0.5 1.0 1.5 2.0 2.5
a) LIFT CURVE SLOPE Mo
, 0 ‘ 0.5 1.0 1.5 2.0 2.5
s o P K
-lof @ 8 é a A 4
o
-1.1 ® o ®
a2l .
b) STATIC MARGIN
M—
) O 0.5 1.0 1.5 2,0 2,5
_2' 3
0 . o R
A (0]
4.0} ¢ a
® 8 [} Y
¢ ° $ ° ° ®
6.0l

c) PITCH DAMPING

Figure 4. Variation of Zero Mass Lift Curve Slope, Aerodynamic
Center and Pitch Damping with Mach Number and Dynamic
Pressure for Wing 9.




REFERENCE GEOMETRY :

5, = 464.0 FT2(43,11 M2) 720
c, = 25.8FT (7.864 M) PIVOT
WING APEX 1S THE MOMENT -
REFERENCE POINT
i
¢, = ROOT CHORD
CY— RIGID WING NO. 10
FULLY SWEPT BACK
©---=-SEA LEVEL PIVOT AT 30% FULLY
Y u— 35,000 FT (10,670 M) SWEPT SEMISPAN
. ALE = 72°
_ [ Ya— 60,000 FT (18,290 M)
! 2.0 - : - PY
Q L ]
3 * s 8 8 2 o 9
2 1.0
hw
S o0 1 . . . . -
© 0 0.5 1.0 1.5 2.0 2.5
a) LIFT CURVE SLOPE Mo
0o O 0.5 1.0 1.5 2.0 2.5
R | |
- N
@) -0.9 } . ;
— O 153
¢ ol 8 & 3 . s N
E ) . o o |
-1t . ® ®
b) STATIC MARGIN
M —
0o 0.5 . 1.0 1.5 2.0 2.5
— o r g Ll v oy
L
2 2.0
[«'4 TL. o o A
: _
w -4.0 ¢ A : A °
o ] 9 ® o
UE o g ® ® ® |
-6.0 1 ‘

c) PITCH DAMPING

Figure 5. Variation of Zero Mass Lift Curve Slope, Aerodynamic
Center and Pitch Damping with Mach Number and Dynamic
Pressure for Wing 10.
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REFERENCI, GEOMETRY:

5, = 464.0 F1” 43.1M9)
¢, = 25.8FT (7.864 M)

WING APEX IS THE MOMENT
REFERENCE POINT

¢ = ROOT CHORD

O =m=-- SEA LEVEL
A--—=- 35,000 FT (10,670 M)

) 00-—-——60,000 FT (18,290 M)

72°

IVOT

WING NO. 11
FULLY SWEPT BACK
PIVOT AT 40% FULLY
SWEPT SEMISPAN
ALE = 720

D : ‘@ [ - @
Q * o & e 3 § °* g
S
! 1.0
|88 ]
g N N X 4 N
22 0 &
O 0 0.5 1.0 1.5 2.0 2.5
a) LIFT CURVE SLOPE Y
0 0 0,2 ]:L ]_‘,5 2f.0 2'.5_
" <
5
U -0-9
\ e
w =1.0 ® g © A
S o & A
U "]a] L» . g . 9
b) STATIC MARGIN
M-—-
0 0.5 1.0 1.5 2.0 2.5
O 44 A ) v M
5
~-2.0
= o 12 A
¢ -
" 4.0 ® ® 8 A A 2
g * 8 o o °
) -6.0

c) PITCH DAMPING

Figure 6. Variation of Zero Mass Lift Curve Slope, Aerodynamic
Center and Pitch Damping with Mach Number and Dynamic
Pressure for Wing 11.
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AERODYNAMIC CENTER SHIFT Cm / C in fractions of C
ag LaE r

DYNAMIC PRESSURE g

4 8 12 16 20 23.94

L L ¥ BJ v

1000 2000 3000 4000 5000

-

-1.17

-1.2¢

WING NO, 1, NO PI

------- WING NO. 9 PIVOT AT 20%
» SWEPT SEMISPAN.

———— WING NO. 10, PIVOT AT 30%
SWEPT SEMISPAN;

—_—— WING NO, 11, PIVOT AT 40%
SWEPT SEMISPAN !

Y (N/M2) x 10

(LB/FT)

Figure 7 Aerodynamic Center Shift versus Dynamic Pressure for Three

Mach Numbers and Four Pivot Locations
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Table 3  Stability Derivatives for the Rigid 72° Swept Back Wing (Wing 1)
ty P

M ‘L Crng CLq Cmq Cma/ L,
0.25 | 1.6823 | -1.6862 +4.0314 ~4.4486 |-1.00232
0.50 | 1.7071 | -1.7154 +4.0917 ~4.5258  |-1.00486
0.80 | 1.7658 | -1.7858 +4.,2336 47112 |-1.01133
1.25 | 1.8837 | -1.9574 +4.,4623 -5.1123  |-1.03913
1.50 | 1.9164 | -2.0289 +4,4853 -5.2476  |-1.05870
1.75 | 1.9452 | -2.1033 +4.4979 -5.3877 |-1.08128
2.00 | 1.9566 | -2.1627 +4,4536 _5.4694  |-1.10534
2.25 | 1.8678 | -2.0646 +4.0900 -5.0355 |-1.10536
2.50 | 1.7852 | -1.9722 +3.7790 ~4.6600 |-1.10475

464 ff.2

Reference geometry: SW

Cc

r 25.8 ft. (root chord)

Moment reference center is wing apex




TABLE 4A STABILITY DERIVATIVES FOR THE ELASTIC 72° SWEPT BACK WING (WING 1)

AT SEA LEVEL

M=0.25 0.5 0.8 1.5
DERIVATIVES = 97701 370.80 949.25 3337.2
CLg- 1.4752 1.1535 0.90445 0.71066
E
Cona - -1.4392 21,0542 |-0.75221 ~0.51450
E
L 3.4120 2.4497 1.7193 11115
3
c
"‘qE -3.7066 -2.5519 -1.6638 ~0.95367
CLq -9.7623 -24.672 -34,548 -42.196
1
c
Mg 11.845 30.188 42.800 52.061
., 0.0016153 | 0.0010205 | 0.00055823 0.00019393
I
Cm,, -0.0019599 | -0.0012487 |-0.00069156 | -0.00023928
1
i, 0.064866 0.040110 | 0.020942 0.0066752
I
Comgy -0.079658 | -0.050019  |-0.026845 -0.0086412
I
2C, /on -0.052011  |-0.052861  |-0.017975 -0.0062447
2C_/an 0.063110 0.040209 | 0.022268 0.0077047
L 1.3970 1.0106 0.75501 0.57230
E
= .
"a -1.3444 ~0.87941 | -0.56707 - ~0.34380
Cm /CL
ag’ La ~0.97513 -0.91393 | -0.83167 ~0.72398
c/C
ma e -0.96235 -0.87015 | -0.75108 -0.60073

Reference Geometry: SW= 464 ffz; cr=25'8 ft (root chord)

Moment reference center is wing apex
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TABLE 4B STABILITY DERIVATIVES FOR THE ELASTIC 729 SWEPT BACK WING (WING 1)

AT 35,000 FEET (10, 668m)

M=0.8 1.5 2.0 2.5
DERIVATIVES q=223.26 | 784.91 1395.4 2180.3
CLaE 1.3287 1.0173 0.88145 0.77318
c
Mag ~1.2600 -0.88498  1-0,73380 ~0.62243
<
ap 2.9345 1.9026 1.4570 1.1474
C
"at -3.1401 -1.9304 -1.4314 -1.0959
<
a -60.894 -98.554 -104.50 -109.26
Cmq 74.757 127.27 137.25 143.03
1
CLW 0.0012957 0.00059650 | 0.00035577 0.00023806
1
me -0.0015907  |-0.00077029 |-0.00046728 | -0.00031165
1
CL.
6 0.051406 0.022462 | 0.013058 0.0086148
Cmé’ -0.064105 -0.029869  |-0.017740 -0.011696
1
2C,/on -0.041722 -0.019207  |-0.011456 -0.0076657
aC_/on 0.051221 0.024803 | 0.015047 0.010035
C
ag 1.1991 0.86588 0.74357 0.64762
Cm -1.1009 -0.68944  |-0.55270 -0.45806
E
CmaE / CLaE -0.9483] -0.86992  |-0.83250 -0.80502
Co g E/ €L -0.91813 -0.79622  |-0.74331 -0.70729
E

Reference Geometry: S,,~ 464 ff2; ¢~ 25.8 ft (root chord)

Moment Reference center is wing apex




TABLE 4C STABILITY DERIVATIVES FOR THE ELASTIC 72°SWEPT BACK WING (WING 1)

AT 60,000 FEET (18,288m)

DERIVATIVES S oghss | 2.0 4972 63.
e . 1.5903 1.3883 1.2061 1.0431
Cmg - -1.5746 -1.3542 -1.1533 -0.96783
U, : 3.7096 2.9448 2.3106 17957
Cmqi -4.0779 -3.2679 -2.5628 -1.9490
Cqu -82.201 -197.34 -237.94 -258.01
Cmq[ 100.54 255.27 319.61 347.96
CLWI 0.0017665 | 0.0012063 | 0.00081815 0.00056778
mel -0.0021607  |-0.0015604 |-0.0010990 -0.00076573
CLé'l 0.070967 0.047485 | 0.031760 0.021845
Cm'él -0.087815  |-0.062430  |-0.043486 -0.030111
oC; /on -0.056882  |-0.038843  |-0.026344 -0.018282
2C_/on 0.069575 0.050245 | 0.035387 0.024657
CLaE 1.5228 1.2548 1.0690 0.91574
C’"aE -1.4920 -1.1815 -0.96914 ~C.79606
Con az /C,. | -0.900m -0.97544  |-0.95625 -0.92783
CmﬂKE / CL‘,E -0.97979 ~0.94160  |-0.90662 ~0.86931

Reference Geometry: S = 464 ft2; ¢, 25.8 ft (root chord)

Moment reference center is wing apex
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TABLE 5 A STABILITY DERIVATIVES FOR THE ELASTIC 72° SWEPT BACK WING WITH

PIVOT AT THE 20% SWEPT SEMISPAN (WING 9) AT SEALEVEL

M=0.25 |0.5 0.8 1.5 2.0

DERIVATIVES | 2'_ 92.701 [370.80 | 949.25 3337.2 5932.8
C

baz 1.6563 1.6131 1.5662 1.5627 1.5632
c

Mag -1.6512 -1.5875  |-1.5067 -1.4496  |-1.4392
<

ot 3.9361 3.7438 3.4762 2.9300 2.4838
cqu -4.3247 402 |-3.7072 -3.0260  |-2.5502
Cl.q -1.8985 -6.8369  [14.415 -25.858  |-29.621

I
C

"‘ql 2.3958 8.6430 18.314 33.879 38.945
L, 0.00031411 | 0.00028280| 0.00023292 | 0.00011885| 0.000076580

i .
C

M -0.00039641 | -0.00035752 |-0.00029593 | -0.00015571 {-0.00010068
C,..

0 0.013284 | 0.011925 | 0.0097582 | 0.0048742 | 0.0031252
c ..

g, -0.016835 [ -0.015147 |-0.012471 | -0.0064359 |-0.0041299
3C, /3n -0.010114 | -0.0091063 (-0.0075000 | -0.0038269 |-0.0024659
3C,_/an 0.012764 | 0.011512 | 0.0095288 | 0.0050139 | 0.0032420
CLaE 1.6384 1.5523 1.4468 1.3611 1.3364
Cg -1.6287 -1.5106  |-1.3549 -1.1854  |-1.1410

E
CmaE/CL,,. -0.99694 | -0.98416 |-0.96199 | -0.92762  |-0.92066

3
CmaE/CLa -0.99405 | -0.97319 |-0.93¢5t | -0.87095 |-0.85378
E
2

Reference Geometry: S, = 464 ft

; e= 25.8 ft (root chord)
Moment reference center is wing apex
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TABLE 5B. STABILITY DERIVATIVES FOR THE ELASTIC 72° SWEPT BACK WING WITH

PIVOT AT THE 20% SWEPT SEMISPAN (WING 9) AT 35,000 FEET(10,668m)

: M=0.8 1.5 2.0 2.5
DERIVATIVES q=223.26 | 784.91 1395.4 2180.3
C
L"E 1.6999 1.6891 1.5734 1.4089
C
ma o -1.6961 -1.7015 -1.5923 -1.3990
C
ap 3.9928 3.6657 3.1055 2.4762
C
" P -4.,3953 -4,1165 -3.5458 -2.7892
CLq -14.394 38,325 151.064 | 59.096
I
Cmq 18.332 51.104 69.822 80.616
I
<,
Wi 0.00030629 | 0.00023196 | 0.00017385 0.00012876
C
™y -0.00039007 }-0.00030931 |-0.00023771 -0.00017566
Cp-
o 0.012928 0.0097288 | 0.0072507 0.0053504
C ..
o | -0.016540 -0.013093  |-0.0099650 -0.0073354
3C, /on -0.0098625  |-0.0074693 |-0.0055979 -0.0041462
a2C_/3n 0.012560 0.0099597 | 0.0076543 0.0056561
<L
ag 1.6575 1.5815 1.4426 1.2752
C
ma -1.6422 -1.5581 -1.4136 -1.2166
C. /g
"a; la -0.99778 -1.0074 -1.0120 -0.99294
C /CL
Ma £ % -0.99074 -0.98518 -0.97985 -0.95402

Reference Geometry: Sy = 4642

je = 45.8 ft (root chord)

Moment reference center is wing apex
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TABLE 5C STABILITY DERIVATIVES FOR THE ELASTIC 72°SWEPT BACK WING WITH PIVOT

AT THE 20% SWEPT SEMISPAN (WING 9) AT 60,000FEET (18 ,288m)

M=0.8 1.5 2.0 2.5
DERIVATIVES g = 67.155 | 236.09 419.72 655.81
Cla; 1.7443 1.8242 1.7673 1.5759
CmaE -1.7566 ~1.8986 -1.8875 -1.6648
“L, . 4.1555 4.1623 3.8150 3.1016
E
Cm
U -4.6090 -4,8043 -4.5633 ~3.6945
“L, -15.291 48,608 175.701 94,177
1
Cmq 19.482 65.009 "|o4.5o 130.19
1
<
W 0.00032860 | 0.00029713 | 0.00026029 | 0.00020725
c
| ~0.00041867 |-0.00039738 |-0.00035932 | -0.00028649
C.
o 0.013893 0.012538 | 0.010959 0.0087089
Crmg -0.017776  |-0.016839  |-0.015188 -0.012085
I
2C, /an -0.010581  |-0.0095676 |-0.0083814 | -0.0066733
oC_ /an 0.013481 0.012796 | 0.011570 0.0092250
C
a 1.7300 1.7777 1.6980 1.4998
c
"o ~1.7385 -1.8363 -1.7919 -1.5595
Co, /<L ~1.0071 -1.0407 -1.0680 -1.0564
“t %
Cmg /L -1.0049 -1.0330  [-1.0553 -1.0398
E“E

25.8 ft (root chord)

Reference Geometry: Sw= 464 Ff2; = ]
Moment reference center is wing apex
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TABLE 6A . STABILITY DERIVATIVES FOR THE ELASTIC 72°SWEPT BACK WING WITH

PIVOT AT THE 30% SWEPT SEMISPAN (WING 10) AT SEA LEVEL

M= 0.25 0.5 0.8 1.5 2.0
DERIVATIVES q = 92.701 | 370.80 949 .25 3337.2 5932.8
<

ag 1.6611 1.6291 1.5953 1.5970 1.5993
C

"ap -1.6574 -1.6084 -1.5450 -1.4964 -1.4880
<

ag 3.9510 3.7927 3.5642 3.0383 2.6022
C

"ag -4.3437 -4,1338 -3.8201 -3.1614 -2.6915
Cl.q -1.8025 -6.5642  |-14.028 -25.256 -29.011

I
C

"y 2.2942 8.3797 18.048 33.673 38.726
CL

Wy 0.00029824 | 0.00027152| 0.00022667 | 0.00011608] 0.000075002
C

"‘wl -0.00037959 | -0.00034662|-0.00029162 | -0.00015476] -0.00010012
CL'Q' 0.012692 0.011529 | 0.0095745 | 0.0048217 | 0.0031131

|
Cm'e' -0.016208 | -0.014722 |[-0.012374 | -0.0064620 |-0.0041608

i

3¢, /an -0.00906032] -0.0087431 |-0.0072985 | -0.0037377 |-0.0024151
3C_ /on 0.012223 0.011161 | 0.0093900 | 0.0049833 | 0.0032238
CLa 1.6441 1.5700 1.4766 1.3951 1.3714

E
Cm“e -1.6358 -1.5330 |-1.3923 -1.2273 -1.1837
cm - /CL -

ag * Lag | -0.99781 -0.98729 | -0.96849 -0.93706 | -0.93039
C C

maE/ Lo, | -0.99497 -0.97641  |-0.94292 -0.87973 | -0.86317

Reference Geometry: S = 464 Ff2; c= 25.8 ft (root chord)
Moment reference center is wing apex
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PIVOT AT THE 30% SWEPT SEMISPAN (WING 10) AT 35,000 FEET(10,668m)

TABLE 6B. STABILITY DERIVATIVES FOR THE ELASTIC 72° SWEPT BACK WING WITH

M=0.8 1.5 2.0 2.5
DERIVATIVES §=223.26 | 784.91 1395.4 2180.3
Cla- 1.7114 1.7177 1.6080 1.4405

£
C
m“E -1.7112 ~1.7408 -1.6404 -1.4433
<
% 4.0282 3.7507 3.2061 2.5636
C
"a ¢ _4.4408 -4.2301 -3.6802 -2.9054
CLq -13.734 37,291 50,079 -58.063
I
Cmq 17.654 50.254 69.226 80.121
I
i, 0.00029224 | 0.00022570 | 0.00017050 0.00012651
I
Co, -0.00037566 | -0.00030416 |-0.00023568 | -0.00017458
I
iy 0.012418 0.0095444 | 0.0071779 0.0053127
l
Cong -0.016020  |-0.012911  [-0.0099560 ~0.0073531
1
2C, /an -0.0094100 | -0.0072677 | -0.0054900 ~0.0040737
oC_/on 0.012096 0.0097940 | 0.0075890 0.0056214
Ci, 1.6707 1.61M1 1.4767 1.3060
E
C "
Mg -1.6589 -1.5971 -1.4590 -1.2577
<. /<
Moz Lla. -0.99988 -1.0134 -1.0202 ~1.0020
Cm N /€, -0.99292 -0.99132  |-0.98798 -0.96302
E

4

Reference Geometry: S, = 464 ft2; c= 25.8 ft (root chord)
Moment reference center is wing apex




TABLE 6C. STABILITY DERIVATIVES FOR THE ELASTIC 72° SWEPT BACK WING WITH

PIVOT AT THE 30% SWEPT SEMISPAN (WING 10) AT 60,000 FEET (I18,288m)

, M=0.8 1.5 2.0 2.5
DERIVATIVES q =67.155 | 236.09 417.72 655.81
C
az 1.7482 1.8381 1.7894 1.5996
C'"“E -1.7618 -1.9175 -1.9183 -1.6982
CLq ] 4.1676 4.2035 3.8791 3.1663
Cm
a -4.6247 -4.8599 . |-4.6510 -3.7839
CLq -14.483 _46.545 73,063 -91.091
I
C
me 18.612 62.766 101.68 126.89
<
v 0.00031124 | 0.00028452 | 0.00025122 0.00020046
Cm“., -0.00039997 |-0.00038367 |-0.00034960 | -0.00027924
[
CL-G- 0.013243 0.012090 | 0.010655 0.0084903
i
cmé‘ -0.017075 -0.016355  |-0.014869 -0.011858
I
°C, /on -0.010022 -0.0091616  |-0.0080893 -0.0064547
oC_/on 0.012879 0.012354 | 0.011257 0.0089915
i, 1.7347 1.7931 1.7216 1.5247
E
CmaE -1.7444 -1.85%8  |-1.8240 -1.5939
CngCla. -1.0078 1,042 |-1.0720 -1.0617
E E
< /S -1.0056 -1.0355 -1,0595 -1.0454
a %
Reference Geometry: S = 464 ff2; c,= 25.8 ft (root chord)
v Moment reference center is wing apex
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TABLE 7A. STABILITY DERIVATIVES FOR THE ELASTIC 72° SWEPT BACK WING WITH

PIVOT AT THE 40% SWEPT SEMISPAN (WING 11) AT SEA LEVEL

M=025 |0.5 0.8 1.5 2.0
DRRIVATIVES | - 92.701 | 370.80 949.25 3337.2 5932.8
CL(,E 1.6704 1.6621 1.6624 1.6766 1.6468
Cong- -1.6697 1.6523  |-1.6363 -1.6289  |-1.5912
CLqE 3.9779 3.8864 3.7454 . | 3.1926 2.6405
Cqu -4.3797 -4.2600  |-4.0714 -3.4460  |-2.8442
CLq[ -1.3682 51644 11.774 -24.521 -28.422
CmqI 1.6974 6.4211  |14.729 31.994 37.730
< " 0.00022638 | 0.00021362| 0.00019025 | 0.00011270] 0.000073479
C
™ -0.00028085 | -0.00026561|-0.00023800 | -0.00014705|~0.000097544
Cl-él 0.0096423 | 0.0090927 | 0.0080852 | 0.0047746 | 0.0031254
C ..
s -0.011970 | -0.011313 |-0.010122 | -0.0062264 |-0.0041330
3¢, /an -0.0072893 | -0.0068786 |-0.0061261 | -0.0036289 |-0.0023660
3C_/an 0.0090433 | 0.0085525 | 0.0076636 | 0.0047349 | 0.0031409
C
b 1.6574 1.6143 1.5573 1.4701 1.4162
CmaE -1.6536 21,5929 |-1.5049 -1.3594  |-1.2851
c /C
Maz’ Lap | -0.99959 | -0.99409 |-0.98431 | -0.97154 |-0.96623
Cong E/ Lo o | 099770 [ -0.98672 |-0.96632 | -0.92469 [-0.90742

Reference Geometry:

Sy = 464 ft? ; ¢ = 25.8 ft (root chord)
r Moment reference center is wing apex



TABLE 7B. STABILITY DERIVATIVES FOR THE ELASTIC 72° SWEPT BACK WING WITH

PIVOT AT THE 40% SWEEP SEMISPAN (WING 11) AT 35,000 FT (10,668m)

DERIVATIVES 3 <2326 | 76491 1395.4 2180.3
CLaE 1.7342 1.7803 1.6837 1.5054
“ra. -1.7417 -1.8328 -1.7614 -1.5512
chE 4.0934 3.9178 3.3927 2.6992
cqu -4.5292 -4.4811 -3.9905 -3.1463
Cqu -10.643 131,544 F44.932 -54,026
C"‘qI 13.320 41,332 60.707 73.034
CLW‘ 0.00022646 | 0.00015092 | 0.00015297 0.00011772
Cm v -0.00028343  |-0.00025010 |-0.00020668 | -0.00015913
CL‘Q’I 0.0096414 | 0.0081229 | 0.0065049 0.0050051
C’“Z:SI -0.012074  |-0.010643  |-0.0087853 ~0.0067580
oC, /on -0.0072922 | -0.0081477 |-0.0049257 ~0.0037905
3C_ /on 0.0091263 | 0.0080532 | 0.0066550 0.0051241
<

a 1.7021 1.6859 1.5594 1.3737
Cma -1.7015 -1.7091 -1.5934 -1.3731
C"'“E /CL,,E- -1.0043 -1.0295 -1.0461 -1.0304
cm“s /CLaE -0.99767 -1.0138  |-1.0218 -0.99956

2

Reference Geometry: Sw = 464 ft°; = 25.8 ft (root chord)

Moment reference center is wing apex
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TABLE 7C. STABILITY DERIVATIVES FOR THE ELASTIC 72° SWEPT BACK WING WITH

PIVOT AT THE 40 % SWEPT SEMISPAN (WING T1T) AT 60,000 FT (18,288 m)

M=0.8 1.5 2.0 2.5
DERIVATIVES a= 67.155 | 236.09 419.72 655.81
Cla- 1.7557 1.8656 1.8374 1.6487

E
c
Mag -1.7719 -1.9572 -1.9917 -1.7743
c
Lq : 4.1894 4.2811 4,012} 3.2905
c
Moz -4.6540 ~4.9733 -4.8574 -3.9809
L
Q) -10.986 | 36.781 59,709 -77.001
C
"y, 13.751 48.205 80.940 104.57
“, 0.00023610 | 0.00022484 | 0.00020531 0.00016945
1
c
" -0.00029551 | -0.00029466 |-0.00027831 | -0.00023011
CL.I
6 0.010056 0.0095784 | 0.0087455 0.0072149
c ..
mg, -0.012594  |-0.012557 |-0.011854 -0.0097931
a¢, /on -0.0076024 | -0.0072397 |-0.0066109 | -0.0054562
°C_/on 0.0095153 | 0.0094882 | 0.0089615 0.0074096
L
ag 1.7454 1.8293 1.7801 1.5830
Crnag -1.7589 -1.9096  |-1.9140 -1.6851
Cra. 7CL N
a:’ La: ~1.0092 -1.0491 -1.0839 -1.0762
mg /CL, -1.0077 10439 |-1.0752 -1.0645
E %

Reference Geometry: S, =464 Ff2; ¢ = 25.8 ft (root chord)
Moment reference center is wing apex




4.2, Variable sweep wing, A = 20° having pivots at 20, 30, and 40% of the A = 72°
semispan (Wings £, 3, and 4).

For these wings, longitudinal characteristics were computed for the flight con-
ditions of Table 8.

Table 8. Flight Conditions for Wings 2, 3, and 4

WING WING MACH RIGID ELASTIC
NUMBER TYPE
B NUMBER Sealevel 35,000 ft. 60,000 ft.
(10,668m) (18,288m)
2 A=6.27 .25 x X X
A, =20° .50 X X X
LE 80
Pivot af/z y x X x X
3 A=6.0 .25 b%e X X
ALE=20§ .50 X X X
Pivot at .80 X X X X
3056, /2
4 A=5.79 .25 X X X
ALE=20° .50 X X X

405, /2 -80 X x x x

Figures 8, 9, and 10 show the ﬁlanform geometry of wings 2, 3, and 4. Observe, that
the pivots were selected such that the A_ = 20 spans were the same for the

three wings and such that the A = 72° planforms were all identical. These "rules'

for determining the pivot locfli'ions led to inconsistent aspect ratios, based upon the con-
ventional definition A = b“/S

Tabulated results for the derivatives are presented in Tables 9 for the rigid wings
2, 3, and 4 and Tables 10, 11, and 12 for the elastic wings 2, 3, and 4.

Figures 11, 12, and 13 show the effect of Mach number and dynamic pressure on
lift-curve-slope, aerodynamic center location and pitch damping derivative for the zero
mass (or constant load-factor) case. Figure 11 shows an unusual feature for planforms
with low outboard sweep angles: the lift~curve-slope increases with dynamic pressure.
This indicates a tendency toward divergence which is usually associated with swept for-
ward wings. It is thought that the cause for this behavior is that part of the elastic axis
is swept forward (Figure 8) which would contribute to divergent behavior.

By making the inboard part of the elastic axis stiffer some of the divergent trends
would tend to be eliminated.

Note from Figures 12 and 13 that the divergency trend is gone. This is because
the elastic axis is straightened out as the wing pivot is moved outboard. This fact may
also be seen from Figures 9 and 10.

The data of Figures 11, 12, and 13 indicate the very strong effect of pivot loca-
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tion and elasticity combined on aerodynamic center location. These features present the
designer with some tough problems in airplane balance. However, with proper analysis
there is much opportunity for tailoring the design to achieve proper balance over a wide
spectrum of flight conditions.

For example, comparison of Figures 11 and 13 shows that moving the pivot out-
board from 20% to 40% changes the elastic aerodynamic center shifts from 2.3% aft to
.6% forward of the respective rigid locations at M = .8 and sea level. This is a con-
siderable shift, particularly in view of the fact that the aerodynamic center is taken in
relation to the root chord.

Another fact, evident from Figures 11, 12, and 13 is that the overall effect of
aeroelasticity is diminished greatly as the pivot is moved outboard. This fact does not
necessarily apply to all variable sweep wings. Much depends upon the relative size of
the strake and on the chordwise location of the pivot. Table 13 shows a systematic anal-
ysis of this effect. In this table, the values of (dC_ / dCL)‘ r (static margin) and
A(dC_ / dC,) (aerodynamic center shift from Tow swéep, low Mach number to high
sweep high ’V\CICE\ number flight condition) are entered. These data in turn are plotted
in Figure 14, which shows that the effect of outboard movement of the pivot lowers the
a.c. shift. It is also noted that the effect of elasticity is to lower the a.c. shifts in re-
lationship to those of the corresponding rigid wing.

Inertial effects are again small, as may be seen from Tables 10 through 12 by
comparing the E - subscripted quantities with the E - subscripted quantities and by check-
ing the magnitudes of the I - subscripted derivatives in the manner suggested in Sec. 4.1.
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WING NO. 2
.Y SWEPT FORWARD
PIVOT AT 20%FULLY SWEPT SEMISPAN
720
Mg = 7
Aesg = 700
AR = 6,27
A = 0.1
b = 52.184 FT (15.906 M)
¢r = 25.8FT (7.864 M)
S, = 434 SQFT (40,3 5Q M)
W = 40,000LB ?1.78)( 10°N)
XP]VOT = 27.348 FT (8.336 M)
YPIVOT = 2.838FT (.865 M)
NOTE:—e«—ELASTIC AXIS
SEGMENT ENDPOINT

SCALE: 1 CM = 2.0 FT
(1 CM = .6096 M)
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FIVOT REAR SPAR —— (et M)
e 26,092 FT T
X (7.953 M)

Figure 8 Planform Definition of Wing No. 2
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M)

72°

»Y

WING NO. 3

SWEPT FORWARD:
PIVOT AT 30% FULLY SWEPT SEMISPAN

A = 72°
Ac}ﬁ = 70°
AR = 6.05
A = 0.1
b = 52.184 FT (15.906 M)
e = 25.8FT (7.864 M)
S, = 450 SQFT (41.8 M?)
W = 40,000 LB 51 .78 x 10°N)
Xprvor =  27-950 FT (8.519 M)
Yorvor = 4257 FT (1.297 M)

NOTE: —e—ELASTIC AXIS
SEGMENT ENDPOINT

REAR SPAR

SCALE: 1 CM = 2.0 FT
(1 CM = .6096 M)

FRONT SPAR

ELASTIC AXIS

Figure 9

26.092 FT ﬂ-’ f
(7.953 M)

Planform Definition for Wing No. 3
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WING NO. 4
SWEPT FORWARD.
PIVOT AT 40% FULLY SWEPT SEMISPAN

72°

709

5.79

0.1

52,184 FT (15.906 M)
25.8 FT (7.864 M)

470 SQ FT (43.66 M23
40,000 LB (1.78 x 10°N)
28.689 FT (8.744 M)
5.719 FT (1.743 M)

" 1.0115 ¢

NOTE:——ELASTIC AXIS

SEGMENT ENDPOINT

SCALE: 1 CM = 2,0 FT
(1 CM = .6096 M)

REAR SPAR

26,092 FT

(7.953 M)

Figure 10 Planform Definition for Wing No. 4
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REFERENCE GEOMETRY :
S, = 434 FT2 (40.3 MZ)
25.8 FT (7.86 M)

i

C
r

WING APEX 1S THE MOMENT
REFERENCE POINT

¢, =ROOT CHORD

O --mm- SEA LEVEL
N 35,000 FT (10,668 M)
© --=-560,000 FT (18,288 M)

720

- 200
PIVOT -7 |

WING NO., 2

SWEPT FORWARD
PIVOT AT 20% FULLY
SWEPT SEMISPAN

T
o 5.0
2 6
‘. 4.0 &
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9 0 " N N I 3 2 [ ]
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A C 2 1
S -8.0 ‘
? 4
w -10.0
S o
-12.0 ‘

¢) PITCH DAMPING

Figure 11. Variation of Zero Mass Lift Curve Slope, Aerodynamic
Center and Pitch Damping with Mach Number and Dynamic
Pressure for Wing 2
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REFERENCE GEOMETRY: ’ —~
S, = 450 FT2 (41.80 M?)
c. = 25.8FT (7.86 M)

WING APEX IS THE MOMENT | <<ZT 700
REFERENCE POINT
¢, = ROOT CHORD pivor <7
WING NO. 3
P p— RIGID SWEPT FORWARD
Lo — SEA LEVEL PIVOT AT 30% FULLY
) — 35,000 FT (10,668 M) SWEPT SEMISPAN
e p— 60,000 FT (18,288 M)
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I [{TN] o 2 I . I 1 [ I 1 -
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c) PITCH DAMPING

Figure 12, Variation of Zero Mass Lift Curve Slope, Aerodynamic
Center and Pitch Damping with Mach Number and Dynamic
Pressure for Wing No. 3.



REFERENCE GEOMETRY: 720
s, = 470 FT (43.66 M?)
¢, = 25.8FT (7.86 M)

r

WING APEX IS THE MOMENT ~—4 20°
REFERENCE POINT PIVOT/
¢, = ROOT CHORD WING NO. 4

SWEPT FORWARD
pyu— RIGID PIVOT AT 40% FULLY
P — SEA LEVEL SWEPT SEMISPAN

A-—m—- 35,000 FT (10,668 M)
o-—--- 60,000 FT (18,288 M)
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c) PITCH DAMPING

Figure 13. Variation of Zero Mass Lift Curve Slope, Aerodynamic
Center and Pitch Damping with Mach Number and Dynamic
Pressure for Wing No. 4
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Rearward at High
Sweep and Mach No.

RIGID A.C. SHIFT FROM
M= .25, A=20° to
M=2.5, A= 720

-.100
RIGID A.C. SHIFT FROM
- M= .25, A=20° to
2 M=1.5,1=720
o |
= . |
2 . | ELASTIC A.C. SHIFT FROM
i /M= .25, N'=20°, 35,000 FT to
z5 b\ ~o— M=2.5, A=720, 35,000 FT
(T} 0 N .L \\' N A 41‘
gl o 10 20 N 30 40 50
g|g PIVOT LOCATION IN \Q\PERCENT FULLY SWEPT SEMISPAN
<

Forward at High
Sweep and +.050
Mach No.

-y

ELASTIC A.C. SHIFT FROM
< M=.,25 A= 2o° SEALEVEL to
M=1. 5 A=72°,

SEALEVEL

Figure 14, Effect of Pivot Location on Aerodynamic Center Shift
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Table 9 Stability Derivatives for the Rigid Wings 2, 3, and 4.

a) Rigid Derivatives Wing 2

M L, Cm, < Cm g’ 1L,
q q
0.25 3.2947 -2.9906 6.9741 -6.5471 -0.90765
0.50 3.5154 -3.2115 7 .4604 -7.0394 -0.91356
0.80 4,2567 -3.9617 9.1030 -8.7177 -0.93070
b) Rigid Derivatives Wing 3
M CLa c:ma CL Cm Cma /CLa
9 q
0.25 3.0994 -2.,9818 6.8763 -6.8784 -0.96206
0.50 3.2912 -3.1892 7.3217 -7.3658 -0.96902
0.80 3.9200 -3.8777 8.7896 -8.9895 -0.98923
c) Rigid Derivatives Wing 4
M CL Cm CL Cm c:m /CL
a a q q a a
0.25 3.0313 -3.0498 7.0010 ~7.3369 -1.0061
0.50 3.2138 -3.2577 7 4431 -7 .8465 -1.0137
0.80 3.8056 -3.9407 8.8842 -9.5270 -1.0355




TABLE 10A . STABILITY DERIVATIVES FOR THE ELASTIC 72° SWEPT BACK WING WITH

PIVOT AT 20% OF THE SWEPT SEMISPAN (WING 2) AT SEA LEVEL

M=0.25 0.5 0.8
DERIVATIVES g =92.701 370,80 949.25
<
ag 3.3754 3.8861 5.5412
C'""E -3.0696 -3.5783 -5.2819
< 7.1086 8.0732 11.132
9
c
"‘qE -6.6802 -7.6529 -10.839
G
a -0.88629 -3.9002 -12.403
o
g, 0.90066 3.9869 12.978
<
2 0.00014664 0.00016133 0.00020040
- -
o -0.00014902 -0.00016492 ~0.00020969
CL..
0.0050206 0.0055408 0.0069511
~0.0050681 -0.0056267 ~0.0072245
-0.0047219 -0.0051949 ~0.0064530
2
Cm /20 0.0047985 0.0053103 0.0067521
3.3594 3.8066 5.1959
-3.0533 -3.4970 ~4.9207
mag” g ~0.90940 ~0.92080 ~0.95322
¢
Ma / CLaE -0.90888 -0.91868 ~0.94703

Reference Geometry: Sy,= 434Fr2; c = 25.8 ft (root chord)
r Moment reference center is wing apex



TABLE 10B. STABILITY DERIVATIVES FOR THE ELASTIC 72° SWEPT BACK WING WITH

PIVOT AT 20% OF THE SWEPT SEMISPAN (WING 2) AT ALTITUDE

ALTITUDES 35,000 ft 35,000 ft 35,000 ft 60,000 ft
’ (10,668 m) (10,663 m) (10,668 m) (18,288 m)
IVATIVES M= 0.25 0.5 0.8 0.8
3 =21.803 | 87.212 223.26 67.155
C
Lae
“E 3.3135 3.5995 4.5530 4.3443
C
a -3.0090 | -3.2944 -4.2604 -4.0497
C
Loz 7.0054 7.6006 9.5237 9.2490
C
Mo -6.5781 ~7.1791 -9.218 -8.8663
C
L -0.66891 | -2.8968 -9.3287 -9.0996
C
"o 0.67919 2.9489 9.5744 9.3134
C
N 0.00014574  0.00015780] 0.00019850 0.00019555
C
™ -0.00014799 -0.00016063] -0.00020373 | -0.00020015
Co.
Lgl 0.0049857 | 0.0053991 | 0.0067937 0.0066786
c .
mg -0.0050289 | -0.0054612 | -0.0069335 -0.0067980
3aC, /an -0.0046931| -0.0050810 | -0.0063917 -0.0062968
3C_ /an 0.0047652| 0.0051724 |  0.0065600 0.0064448
C
La, 3.3098 3.5823 4.4836 4.3244
C
Ma, ~3.0052 -3.2769 -4.1892 -4.0294
c_ /<
maz’ Laz -0.90810 | -0.91523 | -0.93572 -0.93220
C C
"‘aE/ ta, -0.90797 | -0.91474 -0.93432 -0.93178

Reference Geometry: SW = 434 ft

2

; € = 25.8 ft (root chord)

Moment reference center is wing apex




TABLE HA‘. STABILITY DERIVATIVES FOR THE ELASTIC SWEPT BACK WING WITH

PIVOT AT 30% OF THE SWEPT SEMISPAN (WING 3) AT SEA LEVEL

M=0.25 0.5 0.8
DERIVATIVES g =92.701 370,80 949,25
<
ag 3.1012 3.2945 3.8740
C
maE -2,9812 -3.1823 -3,7989
C
Lqi 6.8535 7.2124 8.3056
Cm
a -6.8493 -7.2289 -8.4115
ST
9 -1.4990 -5.9850 -15.454
C
mq[ 1.6681 6.6799 17.419
<
Wy 0.00024803 0.00024757 0.00024970
Con, , -0.00027601 -0.00027631 -0.00028146
CL‘.‘
9, 0.0081750 0.0081694 0.0082547
C ..
mQl -0.0090800 -0.0090953 -0.0092787
oC /2n -0.0079864 -0.0079717 -0.0080403
oC / 9n 0.0088875 0.0088973 0.0090629
CL
ag 3.0755 3.1882 3.5671
Crn .
a. -2.9527 -3.0638 -3.4529
C C
maE/ La_E_ -0.96131 -0.96596 -0.98060
Cm / CL
a a -0.96007 -0.956096 -0.96799

Reference Geometry: S, = 450 ff2; c_= 25.8 ft (root chord)
" Moment reference is wing apex



TABLE 11B, STABILITY DERIVATIVES FOR THE ELASTIC SWEPT BACK WING WITH

Reference Geometry: S, = 450 ft

8

PIVOT AT 30% OF THE SWEPT SEMISPAN (WING 3) AT ALTITUDE

ALTITUDES 5,000 ft 35,000 ft 35,000 ft 60,000 ft
‘ 1 %% m) (1d, 668 m) (10, 668 m) (14,288 m)
DERIVATIVES M= 0.25 0.5 0.8 0.8
q = 21.803 87.212 223,26 67.155
C
La- 3.0998 3.2910 3.9004 3.9135
E .
C
Mag -2.9816 -3.1866 -3.8500 -3.8688
C
tez 6.8708 7.2931 8.6470 8.7446
C .
i -6.8714 -7.3305 -8.8228 -8.9372
- .
L -1.1580 -4.8869 -14.653 -15.235
C
Mq, 1.2882 5.4462 16.426 17.060
C
L\;,l 0.00025231 | 0.00026620 | 0.00031179 0.00032741
C
me .
W -0.00028068 | -0.00029667 | -0.00034952 | -0.00036662
CL..
9 0.0083185 0.0087763 0.010278 0.010787
C_..
e, -0.0092325 | -0.0097587 | -0.011498 -0.012056
oC
L/ -0.0081244 | -0.0085717 | -0.010040 -0.010542
dC_ /an
m 0.0090380 0.0095527 0.011254 0.011805
C
LaE 3.0936 3.2635 3.8043 3.8825
C
ag -2.9747 -3.1560 -3.7423 -3.834
c__/<
ma: " "Lag -0.96187 -0.96828 -0.98708 -0.98857
C
CmaE/ L"s -0.96157 -0.96705 -0.98369 -0.98753

2

A 25.8 ft (root chord)
Moment reference center is wing apex




TABLE 12A. STABILITY DERIVATIVES FOR THE ELASTIC SWEPT BACK WING WITH

PIVOT AT 40% OF THE SWEPT SEMISPAN (WING 4) AT SEA LEVEL

M=0.25 0.5 0.8
DERIVATIVES g =92.701 370,80 949.25
<
ag 3.0343 3.2199 3.7484
Cn -3.0516 -3.2580 ~3.8607
a
E
< 6.9801 7.3357 8.3547
a
Cm
ag -7.3109 -7.7158 -8.9051
=1
q -1.3953 -5.6433 -14.925
Con 1.6030 6.5100 17.446
91
<
Wy 0.00023087 0.00023343 0.00024116
Cmv.v -0.00026523 -0.00026928 -0.00028189
1
Cpr
0 0.0079542 0.0080460 0.0083212
C L X
"o, -0.0091214 -0.0092641 ~0.0097068
aCL /on
-0.0074339 -0.0075165 ~0.0077652
oC_/ @n 0.0085405 0.0086709 0.0090768
C
Lo 3.0099 3.1176 3.4492
C
Maq
£ -3.0235 -3.1401 -3.5110
C / C
ma LaE -1.0057 -1.0118 -1.0300
<. /¢
Ma ap -1.0045 -1.0072 -1.0179

Reference Geometry: Sw= 470 ft

N

A 25.8 ft f‘(XOOf chor?

erence center is wing apex

oment re
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TABLE 12B. STABILITY DERIVATIVES FOR THE ELASTIC SWEPT BACK WING WITH PIVOT

AT 40% OF THE SWEPT SEMISPAN (WING 4) AT ALTITUDE

ALTITUDES 35, 000 ft 35, 000 fr 35, 000 fi 60, 000 Ft
(10. 668 m) (10.668 m (10,668 m) (18288 m)
ERIVATIVES M= 0.25 0.5 0.8 0.8
5 =21.803 | 87.212 223.26 67.155
C
LaE 3.0320 3.2149 3.78%90 3.8004
c
maz -3.0502 -3.2574 -3.9186 -3.9339
ch- 6.9960 7.4164 8.7447 8.8412
E
Cqu -7.3307 -7.8142 -9.3644 -9.4770
CLq -1.0737 -4.5376  |-13.625 -14.029
I
Cm
o 1.2330 5.2254 15.827 16.276
<L
Vi 0.00023394 | 0.00024718 | 0.00028991 0.00030148
Cm
i -0.00026866 | -0.00028465 | -0.00033677 | -0.00034977
o
6, 0.0080589 0.0085146 0.0099852 0.010380
c
"‘el -0.0092384 -0.0097885 -0.011581 -0.012025
oC, /3n -0.0075329 | -0.0079591 | ~0.0093352 -0.0097077
3C,, /an 0.0086509 0.0091658 | 0.010844 0.011263
¢, 3.0261 3.1889 3.6983 3.7715
E
Cm
ag -3.0435 -3.2274 -3.8133 -3.9003
Cm /CL
ar’ laz -1.0060 -1.0132 1.0342 -1.0351
C /C
ma e -1.0057 -1.0121 -1.0311 -1.0342
2

Reference Geometry: S, = 470 ft

;e = 25.8 ft (root chord)

Moment reference center is wing apex




Table 13 Effect of Pivot Location on Aerodynamic Center Shifts

ac _ P ac_
M A ivot _
aCL‘ |E .act 1E
— 907 R R
0.25 - "909 ESL 20 20%
~ 962 R o
0.25 TR 20 30%
-1.006 R 0
21.060 R ] ~153R
1.5 - 930 ESL 72 20% - 021 ESL
1.110R o ~ 203 R
2.5 - /990 E35 72 20% - 081 E35
21.060 R ° — 098 R
1.5 - 940 ESL 72 30% +.021 ESL
1100 R ] ~138R
2.5 ~1.000 E35 72 30% 1039 E35
21.060 R o — 054 R
1.5 - 970 ESL 72 40% +.036 ESL
1100 R ° C 094 R
2.5 -1.030 E35 72 40% -.024 E35

" * The shift is computed from M = .25 (rigid (R) or elastic sea level (ESL)) to M= 1.5

(rigid (R) or elastic sea level (ESL)) or to M = 2.5 (rigid (R) or elastic 35,000 ft (E35)).
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4.3. Fixed wing, A = 45° with and without forward shear at the tip (Wings 5 and 6).

For these wings, longitudinal characteristics were computed for the flight con-
ditions of Table 14.

Table 14 Flight Conditions for Wings 5 and 6

WING WING MACH RIGID ELASTIC
NUMBER TYPE NUMBER Sealevel 35,000 Ft. 60,000 Ft.
(10,668 m) (18,288 m)
5 Fixed .25 x X X
45°sweep .80 X X X
A=3.0 1.50 x x X X
2.00 x x x x
6 Fixed .25 X X X
45° sweep .80 X X x
Tip cranked 1.50 X x x X
forgvcrd to 2.00 X X X X
257, A=3.0

Figures 15 and 16 show the planform geometry of wings 5 and 6. Tabulated results for the
derivatives are presented in Table 15 for the rigid wings 5 and 6 and Tables 16 and 17 for
the elastic wings 5 and 6. .

Figures 17 and 18 show the effect of Mach number and dynamic pressure on lift-
curve-slope, aerodynamic center location and pitch damping derivative for the zero mass
(or constant load-factor) case.

The aeroelastic effects are seen to be very significant. They are all in the ex-
pected direction, i.e., reduction of CL , CL , Cm and a forward shift in aerody-

‘ o q
namic center, all for increasing dynamic pressure. An interesting and useful feature of
wing 5 is seen from Figure 17b. The aerodynamic center location at sea level and high
Mach numbers is seen to be about the same as that for low Mach numbers. For the rigid
wing 5 it is seen that the a.c. shift with Mach number is very large. This planform
evidently requires little trimming when accelerating from subsonic to supersonic Mach
numbers at sea level. However, at high altitude, Figure 17b shows that this planform
will require substantial trimming to compensate for the large a.c. shift between subsonic
and supersonic flight. Fom a trim drag point of view, planform 5 is a good low altitude
planform. Comparison of Figures 17 and 18 shows that the effect of the forward tip crank
is not significant.

Another conclusion that can be drawn from Figures 17 and 18 is that both plan-
forms exhibit very large reductions in lift-curve-slope and in pitch damping with in-
creasing dynamic pressure. The first is beneficial in low Ieverride qualities although
detrimental in maneuvering. The second is defrimental in tailless applications because
of the tendency to undamp the short period mode. ,

The tabulated data of Tables 16 and 17 show again that inertial effects are small
fclgr this class of wings. The comments made at the end of Section 4.1 apply to these wings
also.




WING NO. 5
FULLY SWEPT BACK
A . = 459
Ac% = 390
AR = 3.0
A = 0.25
i &Y b = 38.75FT (11.811M)
\ 450 er = 20.65FT (6.294 M)
\< Sw = 500 SQ FT (46.45 MZ;
BN W = 40,000 LB (1.78x 105 N)
k ) NOTE:—se—ELASTIC AXIS
\\\\\ SEGMENT ENDPOINT
ANRN
\\§\\ " SCALE: 1 CM=2,0 FT
R SN (1 CM = .6096 M)
20.65 1IN N \\
(6.294 M) i\\\\§§\ FRONT SPAR
. NG
“\\\.\\*\\\:\
~ >~ \\ :
RN IS
. \\\‘ \
\ ) . i .
REAR SPAR ~—L_
e 19.375 FT
(5.9055 M) |

-

X

Figure 15 Planform Definition for Wing No. 5
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20.65 FT
(6.294 M)
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WING NO., 6
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20.65 (6.294 M)

500 SQ FT (46.45 M2)
40,000 LB (1.78 x 10 N)

NOTE:—e—ELASTIC AXIS
SEGMENT ENDPOINT

SWEPT BACK
TIP CRANKED AT 80% SEMISPAN
Aje = 450
c}g = 39°
AR = 3.0
A = 0.25
b = 38.75FT (11.811 M)
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(1 CM = .6096 M)
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N 25
> \ 1 5.16 FT
SR ""‘_‘.__ (1.573M)
. . j i
19.375 FT -
(5.9055 M)’

Figure 16 Planform Definition for Wing No. 6




REFERENCE GEOMETRY;
) 2
S, = 500.0 FT% (46.45 M?) 45°
20.65 FT (6.294 M)

r
WING APEX IS THE MOMENT
REFERENCE POINT

¢ = ROOT CHORD

H

I

C

_~ RAD™!

C
Mg

- WING NO. 5
®-——- RIGID FULLY SWEPT BACK
T R— SEA LEVEL Mg = 45°
) Q— 35,000 FT (10,670 M)

o p— 60,000 FT (18,290 M)
2 °
4 104 o
&
| [ ]
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Figure 17 Variation of Zero Mass Lift Curve Slope, Aerodynamic
Center and Pitch Damping with Mach Number and Dynamic
Pressure for Wing 2.



REFERENCE GEOMETRY:

Sy = 500.0 FT? (46.45 M?) o

¢, = 20.65FT (6.294 M)

WING APEX IS THE MOMENT

REFERENCE POINT 325°

¢. = ROOT CHORD

r

WING NO. 6
[ Qp— RIGID SWEPT BACK
©-----SEA LEVEL A g = 45°
pQ— 35,000 FT (10,670 M) TIP CRANKED AT
pr— 60,000 FT (18,290 M) 80% SEMISPAN
'Q 0 o] 0]
3.0 t
g a o
¢
2.0 t ©
Iy ° e
J 1.0 ©
0 ‘ . : '
0 0.5 1.0 1.5 2.0
a) LIFT CURVE SLOPE M—=
w oo % 0.2 1,0 L2 20
S 0.5% ]
o o |
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c) PITCH DAMPING

Figure 18. Variation of Zero Mass Lift Curve Slope, Aerodynamic
Center and Pitch Damping with Mach Number and Dynamic
Pressure for Wing No. 6.
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Table 15 Stability Derivatives for the Rigid Wings 5 and 6

Rigid Data Wing 5
Straight 45° Sweep

C C C C C C
M Lo m, Lq ™ my / L,
0.25 3.0801 -1.8613 +5.5315 =3.7016 -0.60429
0.80 3.6773 -2.2596 +6.7325 -4.6104 ~0.61447
1.50 3.4679 -2.4746 +4,9785 -4.,0095 -0.71357
2.0 2.3397 -1.6979 +3.3480 -2.7247 -0.72569
Rigid Data  Wing 6
Straight 45° Sweep, Cranked Tip
M C C C C c /C
Lo Mgy Lq- ™ m./ L,
0.25 3.1007 ~1.8539 5.5370 -3.6596 -0.59790
0.80 3.7163 -2.2561 6.7622 -4.,5684 -0.60708
1.50 3.4535 -2.4489 4,9324 -3.9408 ~0.70910
2.0 2.,3195 -1.6664 3.3004 -2,6567 -0.71843
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TABLE 16A. STABILITY DERIVATIVES FOR THE ELASTIC 45° SWEPT BACK WING (WING

5) AT SEA LEVEL

DERIVATIVES M= 0.25 0.8 1.5 2.0
3= 92.701 949,25 3337.2 5932.8
c, 3.0371 3.1076 1.9164 1.1912
°F
Cm
“t -1.8337 -1.8865 -1.1694 -0.70957
<
% 5.3787 4.7895 1.7470 1.0609
C
Mae -3.5985 -3.2642 -1.2707 -0.76753
<
a -3.8760 -32.413 ~31.279 -32.415
Cm
a 2.7659 24.130 26.300 26.983
c,.
Wy 0.00051330 0.00041919  0.00011506 0.000067073
Cm;, -0.00036629 | -0.00031207 | -0.000096748 | -0.000055833
I
CL-e- 0.010805 0.0086964 0.0023036 0.0013370
i
Cmé- -0.0077512 | -0.0065242 | -0.0019591 -0.0011264
1
2C / @n -0.016528 -0.013498 -0.0037051 -0.0021598
2C_/ on 0.011795 0.010049 0.0031153 0.0017978
<
a 2.9800 2.6785 1.6598 1.0267
Cm
a -1.7929 -1.5670 -0.95367 -0.57265
Cm / CL
a.’ la -0.60376 -0.60705 -0.61021 -0.59570
CmaE/ <, -0.60164 ~0.58504 ~0.57456 ~0.55777
E

Reference Geometry: S, = 500 ftz; =c= 29/‘.65 ft (ropt chord) ..
r oment reference center iIs wing apex
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TABLE 16B. STABILITY DERIVATIVES FOR THE ELASTIC 45° SWEPT BACK WING (WING
5 ) AT 35,000 FT. (10,668 m)

M=0.25 0.8 1.5 2.0
DERIVATIVES 3 = 21.803 223.26 784,91 1395.4
C
»LaE 3.0699 3.5317 2.6256 1.6367
C
"'aE ~1.8548 -2.1655 -1.7641 -1.0875
C _
be 5.4950 6.1764 3.1782 1.9628
C .
"o -3.6770 -4.2288 -2.4819 -1.5251
CLq -3.0209 34,198 -55.971 -59.367
1
Cmq 2.1522 24.929 47.458 50.656
: .
C ‘ 1
Lwl 0.00052684 | 0.00058241 |  0.00027114 0.00016177
C. -0.00037533 | -0.00042456 | -0.00022990 | -0.00013803
i | |
CL'G' 0.011100 0.012232 0.0056003 0.0033330
l .
C ..
", -0.0079482 | -0.0089665 | -0.0047814 -0.0028660
2C, /2n -0.016964 -0.018754 -0.0087308 -0.0052090
L
2C_/3n 0.012086 0.013671 0.0074028 0.0044447
C
LuE 3.0558 3.3560 2.4184 1.5003
C _
Ma, -1.8447 -2.0374 -1.5884 -0.97118
C. /¢
ae ap | -0.60419 -0.61317 -0.67187 -0.66446
Cmg 7 G, | -0.603¢7 ~0.60711 <0.65678 -0.64730
£ E

2

Reference Geometry: S,,= 500 it je = 20.65 ft (root Chord)

Moment reference center is wing apex



TABLE 16C. STABILITY DERIVATIVES FOR THE ELASTIC 45° SWEPT BACK WING (WING

(WING 5)AT 60,000 FT (18,288m)

M=1.5 2.0
DERIVATIVES a = 236.09 419.72
1

oz 3.1139 2.0083
C

Ma E -2,1759 -1.4094
“ 4.2142 97

o .21 2.6970
Cm

o -3.3614 -2.1588
C

te, -78.536 -89.963
Cm

a 66.603 77.394
C

Lwl 0.00038425 0.00024759
C

" -0.00032586 -0.00021300
C .o

e, 0.0080156 0.0051645

C_..

9 -0.0068335 -0.0044680
3¢, / @n -0.012373 -0.0079723
2C_ /2n 0.010493 0.0068585
C

LaE 3.0042 1.9277

T
Ma E -2,0828 -1.3400

Cma 7 CL, -0.69876 ~0.70175

E E

Cm / CL

% ag -0.69331 -0.69512

Reference Geometry: S = 500 ff2; c,= 20.65 ft (root chord)

Moment reference center is wing apex




TABLE 17A. STABILITY DERIVATIVES FOR THE ELASTIC 45° SWEPT BACK AND CRANKED

WING (WING 6) AT SEA LEVEL

M = 0.25 0.8 1.5 2.0
DERIVATIVES g = 92.701 949.25 3337.2 5932.8
CLaE 3.0677 3.2246 1.8629 1.1556
cm
“E -1.8347 -1.9648 -1.1197 -0.67926
C
LqE' 5,4049 4,9219 1.6861 1.0269
Cm
qE -3.5746 -3.3470 -1.2154 -0.73703
G
9 -3.9127 -35.640 -32.972 -33.971
Cm
9 2.7231 26.026 27.418 28.024
CL .
Y 0.00051816 - 0.00046092 0.00012129 0.000070293
Cm )
w1 =0.00036062 -0.00033658] -0.00010084 -0.000057988
CL"
9 0.010560 0.0092922 0.0023486 0.0013671
Cm. .
el -0.0073834 -0.0068289 -0.0019899 -0.0011401
aCL /3n .
-0.016685 -0.014842 -0.0039056 ~-0.0022634
oC_/3n
0.011612 0.010838 0.0032477 0.0018672
L
aE 3.0095 2.7417 1.6019 0.98947
Cm
“E -1.7942 -1.6122 -0.90264 ~0,.54222
Cm -/CL
“E GE -0.59807 -0.60931 -0.60104 -0.58780
Cm /CL
aE ag -0.59617 -0.58801 ~0.56348 -0,54799

Reference Geometry: S = 500 ft
w

2; c, = 20.65 ft (root chord)

Moment reference center is wing apex
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tABLE 17b STABILITY DERIVATIVES FOR THE ELASTIC 45° SWEPT BACK AND CRANKED
WING (WING 6) AT 35,000FT (10,668 m)
M = 0.25 0.8 1.5 2.0
DERIVATIVES q = 21.803 | 223.26 784.91 1395.4
¢
a; 3.0930 2.5 2.5888 1.6201
cm
% -1.8494 -2.1969 -1.7271 -1.0714
<
o 5.5057 6.2788 3.1401 1.9434
Cm
Mo -3.6395 -4,2529 -2.4402 -1.5042
C
a -3,0282 -35.352 -57.875 -62.014
Cm
o 2.1032 25,123 48.283 52.041
c..
Wi 0.00052811 | 0.00060208| 0.00028037 0.00016898
J <.
" -0.00036680 | -0.00042784 -0.00023390 | =-0.0001418!
c.
) 0.010769 0.012250 |  0.0056261 0.0033846
! Cm"
| o -0.0075138 | -0.0087471] -0.0047212 -0.0028590
3¢, /3n ©.0.017005 | -0.019387 | -0.0090279 -0.0054413
| 3C,,/an 0.011811 0.013777 | 0.0075316 0.0045663
<, : 3.0787 3.4257 2.3781 1.4796
C'“aE -1.8395 -2.0651 | -1.5513 ~0.95350
c:m -/CL -
%% % -0.59793 -U.00837 -0.66712 -0.66131
Cm /CL
ag ag -0.59749 -0.60284 | ~0.65232 -0.64443
2

Reference Geometry: SW = 500 ft~ ; c= 20.65 ft (root chord)

Moment reference center is wing apex
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TABLE 17c STABILITY DERIVATIVES FOR THE ELASTIC 45° SWEPT BACK AND CRANKED

WING (WING 6) AT 60,000 FT (18,288 m)

M=1.5 2.0
DERIVATIVES 3 = 236.09 419.72
<
a- 3.0930 2.0006
C
Maz -2.1482 -1.3949
c . ;
qE 4.1817 2.6826
T
a -3.3132 -2.1312
<
a ~79.629 -91.497
Cm
q 66.412 77.166
CL.
Wy 0.00038959 0.00025181
C
™| -0.00032493 -0.00021237
c..
Yo, 0.0078788 0.0050935
c ..
'“el -0.0066004 -0.0043163
oCy /an -0.012545 ~0.0081083
3C_/3n
m
0.010463 0.0068382
C
La
E 2.9826 1.9190
C —
Ma, ~2.056Q -1.3260
T C -
mg. / Lg-
£ -0.69452 -0.69722
c  /C
Ma. La -0.68936 ~0.69101

Reference Geometry: S = 500 ffz;

c = 20.65 ft (root chord)
T Moment reference center is wing apex

63



4.4. Fixed wing, A = 60° with and without forward shear at the tip (Wings 7 and 8).

For these wings longitudinal characteristics were computed for the flight condi-
tions of Table 18.

Table 18 Flight Conditions for Wings 7 and 8

WING WING MACH RIGID-. ELASTIC
NUMBER  TYPE NUMBER Sealevel 15,000ft 35,000 ft 60,000 ft
(4,572 m) (10,668 m)(18,288 m)
7 Fixed .25 X X x
600 sweep, .80 X X X
A=2.0 1.50 X X b% X X
2.00 X X X X
8 Fixed .25 X X X
600 sweep, .80 X X X
Tip cranked 1.50 X X X X
forward to 2.00 X X X
24°, A=2.0

Figures 19 and 20 show the planform geometry of wings 7 and 8. Tabulated results for the
derivatives are presented in Table 18 for the rigid wings 7 and 8 and Tables 20 and 21 for
the elastic wings 7 and 8. Figures 21 and 22 show the effect of Mach number and dynamic
pressure on liff-curve-slope, aerodynamic center and pitch damping derivative for the
zero mass (or constant load-factor) case.

Aeroelastic effects on wings 7 and 8 are very significant and in the expected
direction, i. e., decreasing lift-curve-slope, decreased pitch damping and forward
shift in aerodynamic center. Figure 21b demonstrates that there is very little a.c. shift
between subsonic flight at low altitudes and supersonic flight at intermediate altitudes.
From a trim drag point of view, this planform would be good for intermediate altitude
applications.

Comparing the data of Figure 21 with those of Figure 22 it is shown that the ef-
fect of forward tip crank is very small. Both planforms are seen to experience large re-
ductions in lift-curve-slope and pitch damping with increasing dynamic pressure.

The tabulated data of Tables 20 and 21 suggest again that inertial effects, al-
though detectable, are small. The comments made at the end of Section 4.1 apply to

these wings also. \
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Figure 20 Planform Definition for Wing No. 8




-1
CL,.~ RAD

REFERENCE GEOMETRY:
5, = 506.0 FTZ (47.01 M)

c, =25.42FT (7.748 M)

600
WING APEX IS THE MOMENT
REFERENCE POINT
¢, = ROOT CHORD
®----- RIGID " WING NO. 7

O ===-- SEA LEVEL

@ -----15,000 FT (4,572 M) FULLY SWEPT BACK

CmaE / CLaE

_~ RAD"!

qu

C

yQ— 35,000 FT {10,670 M) Ag=o0°
~ 0-----60,000 (18,290 M)
® [ ]
s a p *
o a o
3 s
0.5 1.0 1.5 2.0
@} LIFT CURVE SLOPE
M—a
0.3 1,0 lo2 2.0
o .
s ¢ A a
| A .
® ®
b) STATIC MARGIN Mo
0.5 1.0 1.5 2.0
) i
o s °
[} ®
2 8 .

c) PITCH DAMPING

Figure 21. Variation of Zero Mass Lift Curve Slope, Aerodynamic
Center and Pitch Damping with Mach Number and Dynamic
Pressure for Wing No. 7.



REFERENCE GEOMETRY:
5, = 506 FT2 (47.0074 M)
¢, = 25.42FT (7.748 M)

WING APEX IS THE MOMENT g
REFERENCE POINT

" WING NO. 8
SWEPT BACK -
S LEVEL T1P CRANKED AT
O,
Q- 35,000 FT (10,668 M) 80% SEMISPAN
0----= 60,000 FT (18,288 M)
3.0 °
T . 2 © o
o 2.0 ¢ , O A 3
S o A
¢ 1.0
JIT]
(> ]
g 0 : : : "
0 0.5 1.0 1.5 2.0
a) LIFT CURVE SLOPE
M—
0.5 1.0 1.5 2.0
) L é L]
4 8 A A
| o)
s o
b) STATIC MARGIN
M——
o O 0.5 1.0 1.5 2.0
L] L] é ¥
T ‘} . A
D -200 .
o
< o 4 .
¢ 3.0 F
s 0 A 0]
g -40t ® PY

c) PITCH DAMPING

Figure 22. Variation of Zero Mass Lift Curve Slope, Aerodynamic
Center and Pitch Damping with Mach Number and
Dynamic Pressure for Wing No. 8.




Table 19. Stability Derivatives for the Rigid Wings 7 and 8

Rigid Data Wing 7
Straight 60° Sweep

C c c C c /C
M L, Mg Ly m, m,’ la
0.25 2.2974 -1.5709 +4.,4552 -3.3620 -0.68376
0.80 2,5767 -1.7926 +5.0793 -3.9108 -0.69569
1.50 2.7185 -2,0925 +4,6448 -4,0325 -0.76972
2.0 2.2742 -1.7621 +3.5110 ~3.0681 -0.77482
Rigid Data Wing 8
Straight 60° Sweep, Cranked Tip
C C C, C C C
M Le m, Lq : mg m, / Lg
0.25 2.3356 -1.5742 4.4972 -3.3350 -0.67400
0.80 2.6372 -1.8062 5.1603 -3.8996 -0.68489
1.50 2.7569 -2.1046 4,6449 -3.9800 -0.76339
2.0 2.2763 -1.7432 3.4676 -2.9948 -0.76884
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TABLE 20a STABILITY DERIVATIVES FOR THE ELASTIC 60° SWEPT BACK WING

(WING 7) AT SEA LEVEL

M= 0.25 0.8 1.5 2.0
DERIVATIVES g = 21.803 223.26 784.91 1395.4
CLGE 2.2756 2.3259 1.9855 1.5546
Cng. -1.5532 -1.5864 | -1.3956 -1.0704
<
o 4.3958 4.3787 2.8440 1.9539
c
Moz -3.3137 -3.3302 ~2.2978 -1.5568
ch -3.2526 -31.751 -50.336 -56.211
I
Cmq 2.6987 26.947 48.258 53.934
1
€, 0.00069827 0.00066566| 0.00030017 | 0.00018855
1
Conoe -0.00057936 | -0.00056495| -0.00028778 | -0.00018092
I
c,.
6 0.019413 0.018391 | 0.0080914 | 0.0050506
Cong: ~0.016200 -0.015715 | -0.0078267 | -0.0048939
I
aC, /an -0.022484 -0.021434 | -0.0096656 | -0.0060714
3C_/an 0.018655 0.018191 | 0.0092655 | 0.0058255
L, 2.2616 2.1933 1.8119 1.4043
E
Con -1.5416 -1.4739 | -1.2291 -0.92621
;
m /CL
a:’ "la: -0.68254 -0.68207 | -0.70287 -0.68855
c_/C 5
ma/ o -0.68164 -0.67200 | ~0.67836 -0.65955

Reference Geometry: S = 506 ft2; c = 25.42 (root chord)
v T Moment reference center is wing apex




TABLE 20b STABILITY DERIVATIVES FOR THE ELASTIC 60° SWEPT BACK WING

(WING 7)

ALTITUDES 15, 000 ft 15,000 ft 60,000 ft 60,000 ft
(4,512 m) (10,668 m) (18,288 m) (18,288 m)
M=1.5 2.0 1.5 2.0

DERIVATIVES 3 =1882.4 3346.5 236.09 419.72
CLa 1.6673 1.3059 2.3672 1.9041
E

c

Taz -1.0997 -0.83813 | -1.7652 -1.4040
<

A 2.1437 1.4644 3.7810 2.6917
c

ez -1.6334 -1.0940 -3.1983 -2.2695

<
a -34.819 -37.436 -79.202 95,620
c

"y 33.092 35.471 76.296 92.538

< " 0.00017580 0.00010632| 0.00047701 | 0.00032394
|
c

" -0.00016709 | -0.00010074| -0.00045951 | -0.00031350
C, -

", 0.0045360 0.0027818 | 0.013069 0.0088549
C .

"o, -0.0044585 -0.0026685 | -0.012671 -0.0086299
3¢, / an -0.0056609 -0.0034236 | -0.015360 -0.010431
3C_ /an 0.0053802 0.0032439 | 0.014796 0.010095
<

ap 1.4695 1.1408 2.2721 1.8043
Cong -0.91171 -0.68170 | -1.6650 -1.3074
E
CmagLq - ~0.65956 -0.64179 | -0.74288 -0.73736
Cng E/ i, -0.62041 -0.59755 | -0.73278 -0.72462
E

Reference Geometry: SW = 506 ff2 icF 25.42 ft (root chord)

Moment reference center is wing apex
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TABLE 20c STABILITY DERIVATIVES FOR THE ELASTIC 6(56 SWEPT BACK WING

(WING 7) AT 35,000 FT (10,668 m)

M=0.25 0.8 1.5
DERIVATIVES q = 92.701 949.25 3337.2
ClaE 2.2091 1.8701 1.4850
“ma. -1.4994 -1.2116 -0.93266
chE 4.2154 3.1527 1.7697
c'"qE -3.1667 -2.3106 -1.2863
Cqu -4.0445 -25.123 -25.607
C"'ql 3.3593 21.570 24.109
C'-wl 0.00065935 0.00039996 0.00011596
C"‘v}l -0.00054763 -0.00034339 r—o.oom 0917
<L

1 0.018298 0.010822 0.0030070
Cmgl -0.015291 -0.0093916 -0.0028693
3C, /an -0.021231 -0.012879 -0.0037338
3C,/3n 0.017634 0.011057 0.0035154
cLaE 2.1556 1.6199 1.2831
“ma £ -1.4549 -0.99684 -0.74253
Con . /CL _

ar’ tag -0.67874 -0.64789 -0.62804
CmaE/ “La £ -0.67494 ~0.61536 -0.57871

Reference Geometry: SW

= 506 ffz i = 25.42 ft (root chord)
Moment reference center is wing apex




TABLE 21a STABILITY DERIVATIVES FOR THE ELASTIC 60° SWEPT BACK AND CRANKED

WING (WING 8) AT SEA LEVEL

-

M=0.25 0.8 1.5
DERIVATIVES 3 = 92.701 949.25 3337.2
L. 2.2741 2.0216 1.4623
E
C
"‘ag -1.5283 -1.3407 -0.92180
<
a 4.3141 3.3726 1.7245
T
T -3.1946 -2.4996 -1.2470
CLq -3.8585 -27.705 -26.231
1
Cmq 3.0951 23.241 24.524
I
<
Wi 0.00062902 0.00044106 0.00011879
C
", -0.00050456 -0.00037000 -0.00011105
CLé' 0.016859 0.011643 0.0030206
I
C ..
™8, -0.013584 -0.0098385 -0.0028562
ac, /dn -0.020254 -0.014202 -0.0038249
oC, /n 0.016247 0.011914 0.0035760
L. 2.2214 1.7275 1.2593
E
C
'“aE -1.4860 -1.0939 -0.73199
C /CL
Ma P % -0.67204 -0.66317 -0.63037
CmaE / i, -0.66896 -0.63325 . -0.58127
£

Reference Geometry: SW = 506 f

t5c= 25,42 ft (root chord)

Moment reference center is wing apex
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TABLE 21b STABILITY DERIVATIVES FOR THE ELASTIC 60° SWEPT BACK AND CRANKED

WING (WING 8) AT 35,000 FT (10,668 m)

M=0.25 0.8 1.5 2.0
DERIVATIVES a =21.803 | 223.26 784.91 1395.4
S

az 2.3208 2.4592 2.0319 1.5380
C
Mag -1.5632 -1.6724 -1.4376 -1.0543
<L
o 4.4529 4.6019 2.8765 1.9267
c
Tag -3.3010 -3.4647 -2,3246 -1.5305
S
a -3.0449 -31.732 -51.767 -57.289
Cmq 2.4379 26.057 48.574 53.895
I
CL\;vl 0.000653¢9 | 0.00066631| 0.00030870 | 0.00019217
C
™ -0.00052337 | -0.00054629| -0.00028967 | -0.00018079
<.
o 0.017537 0.017813 | 0.0081078 | 0.0050250
Cmg -0.014102 _0.014676 | -0.0076569 | -0.0047625

I
3¢, /an ~0.021049 ~0.021455 | -0.0099403 | -0.0061879
aC_ /on 0.016853 0.017591 | 0.0093273 | 0.0058213
S8 2.3074 2.3189 1.8496 1.3867

E
Cm,, -1.5525 -1.5574 | -1.2666 ~0.91206

E
Cm“f—: / CLG_E -0.67357 -0.68005 | -0.70752 -0.68554
Cm“E /CLaE -0.67283 ~0.67160 | =0.68478 ~0.65770

Reference Geometry: SW = 506 ft

2

ic= 25,42 ft (root chord)

Moment reference center is wing apex




TABLE 21c STABILITY DERIVATIVES FOR THE ELASTIC 60° SWEPT BACK AND CRANKED

WING (WING 8) AT 60,000 FT (18,288 m)

DERIVATIVES M=1.5 2.0
q = 236.09 419.72
Cly- 2.4382 1.9041
E
Maz -1.8104 -1.3995
.
Laz 3.8426 2.6897
C
m a -3.2292 ~2.2554
C
Ly -77.910 -93.690
I
Cm 73.067 88.465
9
CLW 0.00046923 0.00031740
1
Cm“., -0.00044007 -0.00029970
I
CL‘Q‘ 0.012456 0.0084172
q
<
"‘el -0.011736 -0.0079885
oC) /3n -0.015109 -0.010220
ac_ /an 0.014170 0.0096504
C
La E 2.333] 1.8063
Cong -1.7118 -1.3071
£
Cm /CL
ai ta: -0.7425] -0.73498
Coa 7Ly -0.73370 ~0.72364
E E

Reference Geometry: Sw = 506 ft

2

; ¢.= 25,42 ft (root chord)
' Moment reference center is wing apex
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5. THE EFFECT OF STIFFNESS MAGNITUDE AND ELASTIC AXIS LOCATION ON
LONGITUDINAL STABILITY CHARACTERISTICS

The purpose of this chapter is to discuss results of a structural parameter sensitivity
analysis. In Chapter 4, the effects of static aeroelasticity on longitudinal stability
characteristics were described for a family of wings. In this chapter, it is shown that the
longitudinal stability characteristic of an entire elastic airplane are sensitive to changes
in stiffness magnitude and elastic axis location. The configuration selected for this study
is shown in Figure 23. Although the configuration is arbitrary, it is typical for a fighter
configuration. Wing planform as well as stiffness and mass characteristics were selected
to be similar to those of Wing 5 of Chapter 4. The horizontal tail and fuselage
characteristics selected are typical for a fighter airplane having a gross weight of
52,191 Ibs. (232,250N). Substantiation and explanation of the geometry and stiff-
ness data is found in References 6 and 9. The massdatadetermination isexplained in
Reference 8,

Figure 24 shows that the effect of stiffness magnitude on the aerodynamic center
location (reflected by CM ) is important. The results of Figure 24 were obtained by

halving the El and GJ values about the elastic axis. Since the structural designer must
satisfy strength requirements, he would not arbitrarily reduce the stiffness as done here-
in; however, this reduction is instructive in order fo understand grossly the aeroelastic
sensitivity of the airplane. The results of Figure 24 indicate that a trade-off in stiffness
magnitudes of the structure (against weight, trim drag and maneuverability considerations)

should be considered in future designs. It is suggested fﬁqf these effects may be important
trade considerations in the design of control-configured vehicles.

An opportunity for additional design trades is shown in Figure 25. Here, the ef-
fect of small shifts in the wing elastic axis location on the longitudinal stability charac-
teristics are shown to be quite important. The results of Figure 24 were obtained by shift-
ing the elastic axis locations in the manner illustrated in Figure 26. The designer can
exercise control over the elastic axis location by selecting the spar locations within a
planform but he must keep in mind the requirements for flaps or control surfaces which
define those areas not available for primary structure. The data of Figure 25 suggest that
the effect of static elasticity should also p(ay a role in the selection of torque box location
within a planform. Figure 27 illustrates the very large effect that varying the stiffness
magnitude and elastic axis location has on the longitudinal stability characteristics. This
figure was obtained by halving the El and GJ values about the elastic axis and simultane-
ously shifting the location of the elastic axis as shown in Figure 26. By comparing Figure
27 and Figure 25 it can be seen that by varying both of the previously mentioned parame-
ters, in some cases there will be a smaller overall effect on the longitudinal stabifity
characteristics than by merely shifting the elastic axis.

Tabulated data for ol( derivatives computed in this chapter are shown in Table 22.
The data indicate considerable effect of elastic axis shift on the inertial derivatives, in
particular the load factor derivatives 3 CL /dnand Cm / dn.
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the Fighter Configuration of Figure 23.
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TABLE 220 LONGITUDINAL STABILITY DERIVATIVES FOR THE FIGHTER CONFIGUR-

ATION OF FIGURE 23 WITH NORMAL STIFFNESS AND NOMINAL ELASTIC AXIS

LOCATION
Note: All data at Sealevel
DERIVATIVE M=0.25 M=0.80 M= 2.00
<, 3.3704 3.9241 2.8865
a
c - 8.9596 -10.468 - 8.5357
Ma
c, 23.294 27.232 18.4%0
q
c, -67.530 -79.296 -59.398
q
cLaE 3.3465 3.5740 1.7132
Cmag - 8.9033 - 9.6537 - 4.7553
CLqE 23.075 24,088 10.534
Cmqﬁ -66.989 -71.534 -33.432
CLq - 3.1565 -31.650 -48.721
I
Cmq 8.8821 91.414 174.07
1
G, .00029262 .00028653 .000070571
' .
me - 00082338 - .00082756 - 00025213
]
[
B, .013921 .013652 .0035612
- :

5, - .039318 - 039539 - 012441
3¢,/ on - 0094222 - 0092262 - .0022724
3¢,/ 3n .026513 .026647 - 0081186

c, 3.3273 3.379 1.5735

Q

£
P ~8.8494 - 9.0908 = 4.2561
ma E




TABLE 22b LONGITUDINAL STABILITY DERIVATIVES FOR THE FIGHTER CONFIGUR-
ATION OF FIGURE 23 WITH ONE HALF NORMAL STIFFNESS AND NOMINAL ELASTIC

AXIS LOCATION
Note: All data at Sealevel
DERIVATIVE M =0.80 M =2.00
<
ag 3.2525 1.4992
C
Mg . - 8.8725 - 3.9922
< 21.505 8.8398
9g
Cm -64.930 -27.353
9
CLq - -51.083 -60.026
1
Cm 152.30 228.75
q
G,
Y1 .00046245 .000086946
Cm.
"1 - 0013788 - 00033134
CLS .022144 .0045984
1
Cmg - .066352 0 .016671
1
acL/ dn - .014891 - .0027996
3C_/3n .044397 .010669
<L
ag 2.9755 1.3513
C
ma. - 8.466 - 3.4289
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TABLE 22c LONGITUDINAL STABILITY DERIVATIVES FO'R THE FIGHTER CONFIGUR-

ATION OF FIGURE 23 WITH NORMAL STIFFNESS AND ELASTIC AXIS OF WING
SHIFTED FORWARD AS SHOWN IN FIGURE 26

Note: All dafa af Sealevel

DERIVATIVE M =0.80 M=2.00
CLaE 3.2313 1.5434
Cm“E - 8.7454 - 4.2370
chE 21.925 9.6271
Cqu -65.751 -30.587

chI -38.453 -56.112

C"‘q[ 110.58 196.80

CLW.I .00034811 ~.000081276
C'"wl - .0010010 - .00028505
CL’él ..016303 .0039904
C"'b'l - 047252 - 0.13859
oC/ dn - .011209 - .0026171
9C,/3n .032233  oo97s7
CL,,E 3.0197 1.4002
Cqu - 8.1368 - 3.7348




TABLE 22d LONGITUDINAL STABILITY DERIVATIVES FOR THE FIGHTER CONFIGUR-

ATION OF FIGURE 23 WITH NORMAL STIFFNESS AND ELASTIC AXIS OF "WING
SHIFTED AFT AS SHOWN IN FIGURE 26

Note: All data at Sealevel

DERIVATIVE M= 0.80 M = 2.00
< 1.5745 1.0384
GE . .
C
ma - 2.5489 - 1.9176
1
% -10.54] 2.9635
C
qu 48.217 - 2.8680
CLq -87.433 -32.177
I
C
m 284.88 117.74
9
CL;V .00079152 .000046407
L
C
"‘wl - 0025790 - .00017054
-
8 .045583 .0027347
C .0
"’9l - .14939 - .0095095
3C,/ 3n - .025487 - .0015008
3C,/ dn .083043 .0054913
<
a 1.3581 .98089
Cma - 1.8438 - 1.7071
E
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TABLE 22¢ LONGITUDINAL STABILITY DERIVATIVES FOR THE FIGHTER CONFIGUR-
ATION OF FIGURE 23 WITH ONE HALF NORMAL STIFFNESS AND ELASTIC AXIS OF

WING SHIFTED FORWARD

Note: All data at Sealevel

DERIVATIVE M = 0.80 M = 2.00
Ciq 2.8169 1.3282
E
C
Ma - 7.6909 - 3.4818
< 18.872 7.9927
g
Cm -57.699 -24.739
hld
CLq -56.921 ~69.786
I
Cmq : 170.00 258.07
1
C.
Y1 .00051530 00010108
Cm,, - .0015390 - .00037380
1
CL
0
I .024289 .0051270
o '

"‘el - .073132 - .018405
acL/ dn - .016593 - .0032548
3¢_/2n .049556 .012036

<
ag 2.5522 1.1784
CmaE - 6.9002 - 2.9276




TABLE 22f LONGITUDINAL STABILITY DERIVATIVES FOR THE FIGHTER CONFIGUR-

ATION OF FIGURE 23 WITH ONE HALF NORMAL STIFFNESS AND ELASTIC AXIS OF

WING SHIFTED AFT AS SHOWN 'IN FIGURE 26

Note: All data at Sealevel

DERIVATIVE M =0.80 M = 2.00
S
az 2.5208 1.0556
Cmg - 5.7939 - 1.9656
E
L
4 6.4686 3.4240
Cm
o - 9.0511 - 4.5715
C
L -67.232 -26.174
9
C
my 212.20 109.33
I
<
e .000608564 .000037911
C
"‘:vi - ,0019210 - .00015836
CL'g' .032627 .0025639
1
C .
Mg
1 - 10365 - .0090736
3,/ 3n - .019598 - 0012207
3C_/ 3n .061858 .0050992
<L
ag 2.2457 1.0075
C
m - 4.9254 - 1.7649
£
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6. AEROELASTIC EFFECTS ON INDUCED DRAIG

The configurations chosen for this investigation are shown in Figs. 15 and 23.
For both configurations, the flight conditions used in the computation are M .= 0.8 and
1.5 at sea level, so that the aeroelastic effects are expected to be large due to the high
dynamic pressure. For detailed computing methodology, See Reference 12.

The results for the wing alone case are shown in Table 23. The spanwise induced
drag distribution and the span loading are given in Figures 28 and 29. In both cases, the
trend of variation is typical. Due to the aercelastic unloading, both C, and C, are

reduced hy the structural flexibility. On the other hand, the induced drgg parameters
<o / C,”, are increased because the span loading becomes less elliptical at M , = 0.8.

Note that in computing the elastic <o / CL2 distribution, CL with mass effect has
1

(¢4

been used, instead of the rigid CL
¢4

Table 23 Comparison of Rigid and Elastic Aerodynamic Properties for a 45° - Sweep
Wing at Sea Level

My, = 0.8 My = 1.5
C Ch C./C.2 |c C C./C 2
Lamd_, D; D/ L g - D; D/ L
Rigid 3.653 1.439 | 0.1078 3.4357 3.4357 0.29106
Elastic | 2.8911 1.1701 | 0.13999 | 1.7735 1.2549 | 0.3989

For the wing-body-tail combination, the results are compared in Table 24. Figs.
30 and 31 show the spanwise induced drag distribution and the span loading on the wing
and the tail surfaces. From Table 24, it is seen that the results follow the same trend
as in the wing alone case.




Table 24 Comparison of Rigid and Elastic Aerodynamic Properties for a Wing~-Body-Tail

Combination at Sea Level

Mm =0.8 Mm= 1.5
C 21C 2
L C C~./C L C C~r/C
a 1| p; p/ L [ ta 1| py 0,/ ©L
Rigid 3.7998 1.5922 | 0.11027 3.8946 3.8946 |0.25677
Elastic 3.2906 1.3923 | 0.12859 2,3306 1.8991 0.34963
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for the Fighter Configuration of Figure 23 at M, = 0.8.
Wing Surface.
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7. CONCLUSIONS AND RECOMMENDATIONS

The following conclusions have been derived from this study:

Inertially induced steady state aeroelastic effects on longitudinal stability character-
istics are small.

Basic (i.e. zero-mass) steady state aeroelastic effects on longitudinal stability charac-
teristics are large for a range of planforms.

For variable sweep wings, it appears that tailoring of pivot location and elastic char~
acteristics is a must to achieve relative balance objectives between extreme flight
conditions. An appropriate pivot location for a given airplane design can be deter-
mined from trade-off information such as that shown in Figure 14, For the wings
studied here, assuming the objective is to minimize the a.c. shift between M = .25,

A =20°, sea level, and M= 1.5, A =72°, 35,000 ft, the 40% pivot location
seems best.

It is possible to tailor fixed sweep planforms in such a way that trim requirements be~
tween selected extreme flight conditions are minimized.

By selecting the right combination of stiffness magnitude and spar locations, the de-
signer can exercise a considerable amount of control over longitudinal stability char-
acteristics.

The fact is emphasized, that these conclusions apply only to the planforms studied

here. It is conjectured however, that these conclusions are typical for fighter type air-
craft in the 40,000 lbs. (178,000N) and 7.33 load-factor range.

The following recommendations are made for future research:

For parametric design studies, use of 'chase-around-charts' have been found to be
useful. It is recommended that such charts be made for specific classes of planforms,
for specific ranges of flight conditions and for specific ranges of load factor.

It is recommended that studies similar to those made here, be initiated with regard to
the lateral-directional characteristics of airplanes.

It is recommended that studies similar to those made here, be initiated for 'low load-
factor' airplanes such as V/STOL, high subsonic and supersonic transports.
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